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RESUMO
Ana´lise transcriptoˆmica e fisiolo´gica da resposta da cana-de-ac¸u´car
ao hormoˆnio etileno durante a maturac¸a˜o
A capacidade de acumular altas concentrac¸o˜es de sacarose nos colmos e´ especı´fica da
cana-de-ac¸u´car, cultura de importaˆncia econoˆmica e refereˆncia em bioenergia. A compreensa˜o
do processo de acu´mulo de sacarose na cana-de-ac¸u´car comec¸ou a ser desvendada atrave´s de
bancos de EST (do ingleˆs Expression Sequence Tags) e novas ferramentas de sequenciamento
e ana´lise do transcriptoma. Os maturadores a base de etileno sa˜o comumente aplicados na
plantac¸a˜o para acelerar a maturac¸a˜o ou retardar o florescimento, com impacto positivo na
produtividade e no gerenciamento de colheita. Apesar das alterac¸o˜es fenotı´picas e fisiolo´gicas,
o papel do etileno na maturac¸a˜o da cana-de-ac¸u´car em nı´vel molecular e´ desconhecido. Nesta
tese, apresentamos diferentes estrate´gias experimentais (condic¸o˜es de casa de vegetac¸a˜o e
campo), que foram adotadas para obtenc¸a˜o de perfis transcricionais (microarranjo e RNA-Seq)
de folhas e entreno´s superiores de plantas de cana-de-ac¸u´car (cultivares IACSP95-5000,
RB867515 e RB966928) aspergidas com etefom (composto que libera etileno) ou AVG
(inibidor da biossı´ntese de etileno) antes da maturac¸a˜o, resultando em um conjunto abrangente
de genes modulados por etileno. Ambos experimentos mostraram resultados semelhantes, com
uma significativa proporc¸a˜o de genes diferencialmente expressos (aproximadamente 29%)
pertencentes a`s categorias: metabolismo hormonal, transcric¸a˜o, sinalizac¸a˜o, estresse e
transporte, coerentes com o papel do etileno como gatilho de mu´ltiplas cascatas de sinalizac¸a˜o
hormonal. Encontramos correlac¸a˜o entre os nı´veis endo´genos de hormoˆnios e mudanc¸as
transcricionais em genes de vias hormonais (ortologia com a planta modelo Arabidopsis),
confirmando assim, o efeito do etileno no estı´mulo cruzado de diferentes vias hormonais.
Curiosamente, os entreno´s superiores responderam prontamente ao etileno atrave´s da alta
induc¸a˜o de genes da via de biossı´ntese e sinalizac¸a˜o deste hormoˆnio. O etileno estimulou e
deve ser sine´rgico ao a´cido abscı´sico, cujos genes marcadores e nı´vel hormonal aumentaram, e
antagoˆnico a` giberelina e a` auxina, impondo um balanc¸o entre armazenamento de ac¸u´car e
crescimento do entreno´. Tambe´m avaliamos paraˆmetros de maturac¸a˜o e crescimento, atividade
de enzimas envolvidas no metabolismo de sacarose e em resposta a estresse, e emissa˜o de
etileno em folhas e colmo para confirmar mudanc¸as induzidas pelo maturador na fisiologia da
planta. Ale´m da identificac¸a˜o de genes marcadores de etileno, a caracterizac¸a˜o do status
hormonal durante a maturac¸a˜o ajudou na compreensa˜o da forma de ac¸a˜o do etileno no sı´tio de
acu´mulo de sacarose. Modelos da interac¸a˜o do etileno com outros hormoˆnios foram propostos.
ABSTRACT
Transcriptome and physiological analyses of ethylene
hormone response during sugarcane ripening
The ability to accumulate higher levels of sucrose in the culm is unique to sugarcane, an
economically important and bioenergy reference crop. The regulation of sucrose accumulation
in sugarcane started to be depicted through EST (Expression Sequence Tags) databases and
new transcriptome sequencing/analysis tools. Ethylene-based ripeners are commonly applied
to sugarcane fields to hasten maturation or to delay flowering, with positive impact on sucrose
yield and harvest management. Apart from phenotypic and physiological changes, the role of
ethylene during ripening at the molecular level remains unknown. In this thesis, different
experimental strategies (greenhouse and field condition) were used to obtain transcriptome
profilings (microarray and RNA-Seq) of leaves and upper internodes of sugarcane plants
(cultivars IACSP95-5000, RB867515, and RB966928) sprayed with ethephon (an
ethylene-releasing compound) or AVG (an ethylene biosynthesis inhibitor) prior to ripening,
resulting in a comprehensive ethylene-modulated gene dataset. The experiments showed
similar results, with a significant proportion of differentially expressed genes (approximately
29%) within hormone metabolism, transcription, signaling, stress, and transport categories,
coherent with the role of ethylene as a trigger of multiple hormone signal cascades. There was
a correlation between endogenous hormonel levels and transcriptional changes of
hormone-related genes, inferred by orthology with the model plant Arabidopsis, confirming
the effect of ethylene on altering homeostasis or eliciting hormonal crosstalk. Interestingly,
only the upper internode tissue was prone to respond to ethylene, showing a high induction of
genes involved in ethylene biosynthesis and signaling. Moreover, ethylene stimulates and
might act synergistically with abscisic acid, which level and marker genes increased upon
ethephon exposure, and antagonistically with gibberellin and auxin, imposing a balance
between sugar storage and internode growth. We also evaluated ripening and growth
parameters, sucrose-metabolizing and stress-related enzyme activities, and ethylene emission
in leaves and culms of plants upon ethephon exposure to confirm the involvement of ethylene
on plant physiology. Besides the identification of potential ethylene target genes, we
characterized the hormonal status during ripening, providing insights into the action of
ethylene in the site of sucrose accumulation. Molecular models of ethylene interplay with
other hormones were devised.
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1 INTRODUCTION
The agronomical importance of the hormone ethylene, key regulator of abscission,
senescence, and ripening, is undeniable with numerous studies in fruits, ornamentals and
model organisms. Unlike other species, the molecular and hormonal bases of sugarcane
ripening have not been studied in depth and very few papers make reference to this specific
problem. The application of exogenous ethylene (ethephon) is a common practice in sugarcane
fields to accelerate maturation or inhibit flowering, but the mechanism of action of ethylene
during maturation and its role in sucrose accumulation are still unknown. In this context, the
studies presented in this thesis aim to elucidate the mechanism of action of ethylene during
ripening in sugarcane using transcriptomic approaches, focusing strictly on hormonal
crosstalk. We treated sugarcane plants with ethephon, AVG (an ethylene biosynthesis
inhibitor) or mock (control) under greenhouse or field experimental schemes. Physiological
parameters, including endogenous hormone levels and enzymatic activities, and agronomical
traits were also evaluated to predicate our molecular findings on phenotypic observations.
The thesis is organized in two chapters. Chapter 1 presents the results of a microarray-
based transcriptome analysis conducted in sugarcane plants (IACSP95-5000) grown under a
greenhouse condition sprayed with ethephon, AVG or mock. In Chapter 2, a similar experiment
from Chapter 1 is presented. However, two contrasting sugarcane cultivars for phenological
cycle (RB867515 and RB966928) were evaluated upon ethephon and mock application under
field condition using a RNA-Seq-based approach. Here, we hoped to have grasped a broad
and more realistic picture of the effect of ethephon. And, finally, we designed novel sealed
chambers to quantify ethylene emissions in leaves and culms under field condition without
tissue damage. Measurements of ethylene emission in field-grown sugarcane plants treated
with different ethephon dosages were also shown.
1.1 Sugarcane crop: growth and development
Sugarcane (Saccharum spp., Poaceae family) is a perennial grass (monocot) adapted to
tropical and subtropical conditions. Modern cultivars are complex interspecific hybrids –
primarily between S. officinarum and S. spontaneum – that combine unique features: ability to
store high concentrations of sucrose in the culm and rusticity (i.e., disease resistance, high
fiber content, adaptation to harsh environmental conditions) [1]. The crop is grown mainly for
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the production of sugar and ethanol, but the usage of its by-products for fodder, renewable
energy, and bioplastics increases its importance worldwide, especially for the Brazilian
economy. Brazil stands out as the largest producer due to investments on innovation of
sugarcane-based industry and favorable climatic conditions. In 2014, Brazilian production
reached more than 736 million tons, representing approximately 37% of the total world
production [2]. The South-Central region responds for more than 92% of the sugarcane
produced in the country, with a notable contribution of the state of Sa˜o Paulo (48.9%) [3].
Sugarcane is vegetatively propagated from axillary buds in culm cuttings leading to
plant-cane cycle or from the stool (part of the plant remaining in the soil after cane harvest)
leading to ratoon cycle. Ratoon cycles continue through three to six consecutive harvests until
declining yields impose field renewal [4]. The cycle duration depends on the season of
planting in the South-Central region of Brazil [4]. The year-cane is planted between
September and November (spring) when precipitation is intense and the temperature rises, the
cycle lasts 12 months [4]. The intense growth occurs between November and April (summer)
and harvest begins in July (winter). Thus, the vegetative growth lasts eight months followed by
four months of maturation. The one year and a half-cane is planted in the middle of the wet
season (from January to April), remaining at rest during winter. The growth hastens between
October and April, with a peak in December. The maturation stage starts only in the next
winter, when climatic conditions (e.g., cool temperatures and water deficit) are adequate for
sucrose accumulation [5]. In this case, the vegetative growth lasts 10 months, which increases
biomass and sucrose production when compared to year-cane. Whenever the cycle, sugarcane
has a four-stage phenology: (i) sprouting and shoot development: axillary bud develops the
primary culm sustained by a temporary root; (ii) initiation of tillering and plant establishment:
a permanent root system develops in the primary culm, sucrose produced is translocated to
support growth and tillering; (iii) intense tillering: secondary, tertiary, etc. tillers develop,
competing for resources; and (iv) maturation: survivable tillers achieve maximum growth and
sucrose accumulation is intensified [4].
The culm (storage compartment) is formed by a series of phytomers (internodal
segments), consisting of a leaf (or even a leaf primordium or a leaf scar, depending on the
stage of development), a node and an internode. The internode has a thicker layer of lignified
cells that protects internal tissues – the vascular bundles (xylem and phloem) involved by
sucrose storage cells (parenchyma). During culm growth, the internode operates as an
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independent unit, each at a different stage of development. While it has a green leaf attached,
the internode completes cell elongation, cell wall thickening, and sucrose storage, completing
the cycle by the time the leaf sheds [6]. Therefore, a sucrose accumulation gradient is formed
along the culm, with the lower internodes essentially ripe and the upper ones still
developing [6]. A steady level of sucrose is usually observed within the sixth internode (from
top to bottom of the culm) [6]. The sucrose accumulation is triggered by low temperatures and
water deficit that affect sink strength through a tightly regulation of photosynthesis and/or
carbon partitioning [5, 6].
Sugarcane is a C4 plant that belongs to the NADP-ME C4 subtype [7]. This group of
plants has an outstanding photosynthetic capacity, as well as nitrogen, water and radiation use
efficiency, which accounts for its ability to produce high biomass and store high sugar content
in the culms. The leaf anatomy (so-called Kranz anatomy) allows the compartmentalization of
photosynthesis into two biochemical specialized cell-types, promoting a CO2-enriched
environment around Rubisco. The low O2 competition for Rubisco active site enhances the
CO2 fixation, while the high affinity of PEPC (phosphoenolpyruvate carboxylase) for
bicarbonate reduces stomatal conductance, preventing water loss, without compromising CO2
fixation. These facts contribute to a better crop growth and yield, especially under harsh
environmental conditions (e.g., high temperature, drought, salinity) [7].
The carbohydrates synthesized in leaves (source) are partitioned in the culm (sink) in
source-path-sink system revised by Komor (2000) [8] and Bihmidine et al. (2013) [9]. Sucrose
unloading from the conducting sieve elements of the phloem (bundle-sheath cells) into the
cytosol of the parenchyma (storage) cells in the culm occurs mainly via symplast
(plasmodesmata) and, to a lesser extent, via apoplast, both driven by a concentration gradient
(a slightly high osmotic strength in the phloem maintains sucrose flow towards storage cells).
In the apoplast, sucrose can be transported to the cytosol through sucrose transporters in the
plasma membrane or can be hydrolyzed by acid invertases (soluble acid invertase, SAI; and
cell wall-bound invertase, CWI) into hexoses (glucose and fructose) and, then, transported by
hexose carriers [10]. Once in the cytosol of storage cells, sucrose futile cycle takes place
mediated by a series of parallel-coordinated enzymes: (i) sucrose synthesis enzymes:
sucrose-phosphate synthase (SPS), sucrose-phosphate phosphatase (SPP), and sucrose
synthase (SuSy); (ii) sucrose breakdown enzymes: SAI, neutral invertase (NI), as well as SuSy
that function in both reaction directions; and (iii) sucrose synthesis precursors recycling
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enzymes: hexokinase, phosphoglucoisomerase (PGI), and UDP-glucose pyrophosphorylase
(UDPG-PPase) [10].
In younger internodes (immature tissue), the cell wall are not fully developed, which
restricts the apoplastic pathway of phloem unloading. The extracellular acid invertase activity
is high, while hexose is actively transported in a energy-dependent manner [8]. In these tissue,
the tonoplast transport of sucrose is low, with sucrose in the cytosol undergoing a cycle of
synthesis and breakdown that maintains a steady level of sucrose. Both SS and SPS function
at the same rate and SAI is the major degrading sucrose enzyme [8]. The onset of ripening
results in a change in the phloem unloading to the symplastic pathway and in a decrease in the
sucrose futile cycle. During ripening, sucrose synthesis is much higher that the hydrolysis: the
synthesis is dominated by SPS and the degradation by SAI strongly decreases, while NI activity
increases, contributing to the sugar flux control and to maintain sucrose in the vacuole aided by
lignified and suberized cell walls [6, 9]. In older internodes (mature tissues), a decline in the
whole metabolic activity occurs [8].
1.2 Ripening management: the use of growth regulators
The ability to accumulate sucrose at high concentrations in the culm is an unique feature of
sugarcane crop: sucrose can reach up to 62% of the dry matter or around 18% in cane juice (Pol),
depending on cultivar and environmental conditions [1]. During maturation, ripening takes
place: lowering stalk elongation to a greater extent than photosynthesis allows sucrose, rather
than being converted into hexose and used in plant growth and development, to be transported
in the phloem sap and accumulated in the vacuole of parenchyma cells within internodes [11].
A cane is considered ripen for milling by sugarcane industry when sucrose content (Pol) reaches
approximately 13% [5].
When sucrose level peaks between May and October, harvest should start straightforward
in order to achieve the best profits [11]. Unfortunately, due to the milling schedule and, to a
lesser extent, changes in the climate, natural ripening can happen to be deficient, representing
enormous costs for the sugarcane-based industry. For example: (i) the early-harvested cane
in the season usually does not reach a desirable maturity level (low sucrose level and juice
purity), even for those cultivars classified as early season maturing, mainly because of plentiful
soil moisture, nitrogen availability, and warm temperatures [12]; (ii) the late-harvested cane
usually shows a reduced yield in the ratoon crop, with deleterious impact on cane weight and,
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consequently, sugar recovery [13]; and (iii) the climate change that may introduce variability
in rainfall and temperature, with positive or negative impacts on cane yield depending on how
extreme are those events [14].
Therefore, chemical ripeners (or growth regulators) can boost ripening by hastening and
prolonging sucrose accumulation in responsive cultivars, even when environmental conditions
are suboptimal, while improving cane quality and avoiding undesirable flowering with huge
impact on the economical results and the management strategy for harvesting and milling
seasons [12, 15]. Ripeners affect plant physiology and morphology, typically mimicking the
natural ripening by inhibiting the growth of the apical meristem, while diverting the energy
allocation to sucrose storing [15]. However, the plant response after ripener application is
extremely variable and depend on a multitude of factors, such as genotype, phenological stage,
climatic conditions, application rate, dosage, and harvest interval, to name a few [16].
Nowadays the application of ripeners is a standard agricultural practice among sugarcane
growing countries to enhance the quality of the crop harvested [11]. Among those chemicals,
herbicides are commonly applied to sugarcane as ripeners, such as glyphosate, fluazifop, and
sulfometuron-methyl, with the disadvantage of causing loss on cane and sugar yields in the
subsequent ratoon crop when applied in higher rates or in susceptible genotypes [17]. Other
class of ripeners is the so-called growth regulators, analogous to plant hormones, including:
(i) trinexapac-ethyl, inhibitor of gibberellin biosynthesis, and (ii) ethephon, which effects are
mainly attributed to the release of the hormone ethylene [17].
Chemicals with ethylene are applied to crop management and improvement of
post-harvest quality in a wide range of agricultural, horticultural and forestry species,
considered the first growth regulator used in agriculture (since the early 1960s) [18]. The
hormone is available commercially as ethephon, an ethylene-releasing compound: primarily in
the leaf surface, under alkaline pH (above 5), the molecule rapidly undergoes hydrolysis,
releasing chloride, phosphate, and ethylene [19], see chemical reaction below). The presence
of ethylene further stimulates the endogenous synthesis of this hormone, which depends on the
effective absorption of the chemical into the cells, foliage spray coverage, developmental stage
(or the plant sensitivity to the hormone), plant stress status, environmental conditions, and dose
level [18].
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Cl-CH2-CH2-PO3H2 + OH− → CH2=CH2 + Cl− + H3PO4
(ethephon) (ethylene)
There are several studies reporting the effectiveness of ethephon application at the
beginning of the maturation stage in sugarcane grown in Brazil [20–25]. In summary, the
benefits of ethephon application in sugarcane are: accelerate ripening, increase sucrose levels
in the immature internodes, improve overall sugar yield, inhibit temporaly the shoot growth
(with observable effects on the first top internodes), reduce or inhibit flowering and the pith
formation, regularize ripening among successive ratoon crops, extend the harvesting and
milling seasons, optimize the industry schedule, reduce the size of young developing leaves
without compromising cane yield, increase the activity of key enzymes involved in sucrose
metabolism, and increase drought tolerance [13, 16, 26–28]. In addition, when applied at the
early stages of development, ethephon promotes cane sprouting, improves tillering and
millable cane formation, helps the initiation and formation of ratoons, and contributes
positively to photosynthesis [13, 29, 30]. The consistency of ripener responses is controversial,
but can be improved by: (i) application in the late vegetative growth or the early maturation
stage, when the juice purity is lower than 75% and the plant has eight green leaves on average
(meaning a potential for active growth); (ii) plant nutrition status; (iii) lack of infection by
pathogens and pest damage; and (iv) inflorescence emergence less than 25% [13, 28].
1.3 AVG, an ethylene biosynthesis inhibitor
AVG (aminoethoxyvinylglycine) is a potent plant growth modulator, with an antagonist
response to ethylene and, consequently, to ethephon. The product is commercially applied to
climacteric fruits (i.e., apples, pears, peaches, plums, nectarines) to improve fruit quality,
decrease pre-harvest fruit drop, delay ripening and harvesting, maintain fruit firmness, and
prolong storage life [31]. AVG is an analog of rhizobitoxine that inhibits ACS
(1-aminocyclopropane-1-carboxylic acid [ACC] synthase [ACS]), a rate-limiting enzyme of
ethylene biosynthesis, in a reversible and competitive manner by binding to its catalytic site
(Ki of 0.2 µM) [32–34].
In addition, AVG and other chemical compounds that interfere with ethylene response
represent powerful tools for ethylene research [35–37]. The approach known as chemical
genetics has advantages to probe plant physiology and functional genomics. By altering
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protein function reversibly and conditionally, while overcoming lethality, genetic redundancy,
and pleiotropy found in traditional genetic approaches (e.g., mutant screening and transgene),
new targets and their biological roles can be unravelled [36, 37]. Inumerous researches use
AVG as a tool to understand the effect of ethylene on fruit ripening [38], fungal diseases [39],
legume nodulation [40], germination [41], tuber sprouting [42], and response to abiotic
stresses [43, 44], to name a few examples. Recently, Mishra et al. [45] use AVG to understand
the role of ethylene in sugarcane tillering under in vitro culture.
1.4 Hormone ethylene: from perception to cellular responses
Ethylene, a gaseous unsaturated hydrocarbon (C2H4) that freely diffuses through
membranes and cytosol, is an essential regulator of growth and development in all stages of the
plant life cycle: from germination to senescence. The commercial applications of ethylene due
to its role in agriculturally-important processes, such as accelerating ripening, senescence and
abscission, as well as mediating a wide range of physiological responses related to biotic and
abiotic stresses, have made this hormone one of the hottest topics for researchers in
decades [46, 47].
Ethylene is produced in trace amounts (basal level barely detectable by standard
techniques) by the whole plant from leaves, stem, flowers and fruits to roots and tubers; from
seedlings to senescent plants [48]. The production of ethylene in high levels (full biological
activity is achieved at 1 µL L−1 or 6.5x10−9 M at 25◦C) occurs immediately upon internal or
external cues in a spatially and temporally specific-pattern that converges to the same linear
primary signaling pathway (detailed below), eliciting afterwards a myriad of morphological
changes [47, 49].
The ethylene biosynthetic pathway is well established in plants [50, 51] and is
accomplished in mainly two rate-limiting steps coordinated by: ACS and ACO (ACC
oxidase) [52]. Genes encoding both enzymes have been cloned and characterized in several
species and belong to multigene families whose members exhibit temporal-spatial expression
patterns, according to external (i.e., wounding, flooding, pathogen infection, frost, and
drought) and internal stimuli (i.e., developmental stage, hormones, ripening, and
senescence) [52].
Using a climacteric fruit ripening model (Solanum lycopersicum, tomato), it is
hypothesized that, in higher plants, the regulation of ethylene biosynthesis is carried out by
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two systems: (i) System 1 occurs during the vegetative growth or non-climacteric stage of fruit
ripening, when ethylene production is maintained at basal levels in all tissues by negative
feedback; (ii) System 2 occurs during the maturation stage or climacteric stage of fruit
ripening, in which the production of ethylene is maintained at high concentrations by positive
feedback. In this last stage of development, the exposure to exogenous ethylene further
stimulates the activity of ACS and ACO and consequently, the production of endogenous
ethylene [53].
Firstly, the ethylene biosynthesis begins with the conversion of the amino acid
methionine by S-adenosylmethionine (SAM) synthase or methionine adenosyltransferase
(SAMS) into SAM, at the expense of adenosine triphosphate (ATP) [54]. Besides being the
substrate for ethylene biosynthesis, SAM is a co-substrate for transmethylation reactions (e.g.,
required for lignin, pectin, phospholipids, glycine betaine and choline biosynthesis), as well as
a substrate in other biosynthetic pathways, contributing to the production of polyamines,
nicotianamine, glucosinolates, and biotin [54]. SAM can be converted into
S-adenosylhomocysteine (SAH) or S-methylmethionine (SMM) and recycled back to
methionine via the activated methyl cycle and the SMM cycle, respectively; or into ACC or
MTA (5’-methylthioadenosine) by ACS. MTA is recycled to methionine in the Yang cycle,
which sustains a high level of ethylene especially at low methionine availability, preventing a
feedback inhibition [54]. SAM conversion to ACC can be inhibited by AVG [32–34]. With the
last step of the ethylene biosynthesis being ACC conversion to ethylene, HCN and CO2 by
ACO, including cofactors (ferrous ions, ascorbate, and bicarbonate) and oxygen. Additionally,
ACC might be metabolized into malonyl-ACC (MACC) or glutamyl-ACC (GACC), which
contributes to ACC level and ethylene production [54, 55]. With the conjugation of ACC,
forming MACC, ethylene biosynthesis is inhibited [50].
The key elements of ethylene signal transduction were uncovered by forward genetics
and biochemical approaches using mutants of the model plant Arabidopsis thaliana defective in
ethylene response (seminal articles by Guzma´n & Ecker (1990) [56] and Alonso et al. (2003)
[57] reviewed by Johnson & Ecker (1998) [47]). The mutant screening was facilitated by a
common phenotype of dark-grown seedlings exposed to ethylene, the so-called triple response,
resulting in shortened and thickened hypocotyl, inhibition of root elongation, and exaggerated
apical hook curvature that differs from the etiolated air-grown seedlings [58]. The mutants
were mainly classified as: (i) ethylene insensitive mutants that fail to display the triple response
20
phenotype when exposed to ethylene (e.g., etr1 and ein2), and (ii) constitutive ethylene response
mutants that display the triple response phenotype even when not exposed to ethylene (e.g.,
ctr1) [58]. In spite of the advances to unravel the ethylene signaling pathway, many existing
gaps prevents an holistic understanding from ethylene perception in the endoplasmic reticulum
(ER) membrane-bound receptors to the transcriptional regulation at the nucleus, especially due
to the highly complex regulatory network (feedbacks, protein stability controls, and cross-talk
with other pathways) that only recently started to be uncovered [59].
The perception of ethylene is carried out by a family of receptors, highly similar to the
bacterial two-component histidine (His) kinase receptors (responsible to respond to various
environmental cues). The receptors bound to the endoplasmic reticulum (ER) membrane
inhibiting ethylene signaling pathway [60]. Arabidopsis has five ethylene receptors: ETR1
(ETHYLENE RESPONSE1), ETR2 (ETHYLENE RESPONSE2), ERS1 (ETHYLENE
RESPONSE SENSOR1), ERS2 (ETHYLENE RESPONSE SENSOR2), and EIN4
(ETHYLENE INSENSITIVE4). The structure of receptors include three conserved
transmembrane domains: an ethylene binding site, a GAF (cGMP-specific phosphodiesterases,
adenyl cyclases, formate hydrogen lyase transcriptional activator) domain at the amino
(N)-terminus, an input domain (signal sensor) and an output domain (receiver) at the carboxy
(C)-terminus. Both N- and C-termini are facing the ER lumen where ethylene easily
diffuses [61]. In this system, the signal is perceived by the input domain inducing the
autophosphorylation of conserved His residues at the His kinase domain, and then, the
phosphate group is transferred to a conserved aspartate residue at the output domain regulating
its activity [62].
The receptors are divided into two subfamilies according to structural differences and
phylogeny in both dicotyledonous and monocotyledonous species: (i) Subfamily 1 is
characterized by a highly conserved His kinase domain (e.g., ETR1 and ERS1); and (ii)
Subfamily 2 has a highly divergent His kinase domain without essential residues for its activity,
but possesses a serine/threonine kinase activity plus an extra transmembrane domain at the
N-terminus (e.g., ETR2, ERS2, and EIN4). The receiver domain is present in some members
of both subfamilies in dicots, but are only found in Subfamily 2 members in monocots,
indicating that transphosphorylation between different receptors may take place [60, 61]. The
receptors are likely to form homodimers stabilized by disulphide bonds with one copper
ion/ethylene binding site [61, 62].
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When ethylene binds to receptors, it undergoes a conformational change that switchs off
the signal transmission downstream, probably by altering the phosphorylation activity [61, 62].
The structural differences among receptors may indicate functional differences, but still there
is an incredible overlap among them that remains to be resolved [60]. The ability to monitor
ethylene oscillations depends on the presence of those receptors. The desensitization may act
via protein turnover (through 26S proteasomal degradation), followed by the synthesis of
newly unoccupied receptors that will inhibit ethylene signaling pathway, while restoring the
plant ability to rapidly respond to the hormone [59]. Recently, RTE1 (REVERSE TO
ETHYLENE SENSITIVITY1), a ER- and Golgi apparatus-transmembrane protein, was
demonstrated to physically interacts with ETR1 probably stabilizing and assisting ETR1
folding in absence of ethylene, while enhancing its ability to repress ethylene signaling [63].
Because RTE1 is up-regulated after ethylene treatment, it might plays a role to desensitize
ETR1 and re-set the plant to respond to ethylene [64].
CTR1 (CONSTITUTIVE RESPONSE1), a Raf-like MAPKKK (mitogen-activated
protein kinase kinase kinase) and a negative regulator of the ethylene signaling pathway, is
constitutively activated by receptors [65]. In addition, an interaction with a positive regulator
of the pathway, EIN2 (ETHYLENE INSENSITIVE2), also occurs. Similarly to receptors,
EIN2 is attached to the ER membrane with a N-terminal transmembrane domain, but the
C-terminal is not only hydrophilic and probably cytosolic, but also contains a conserved
nuclear localization signal [66]. When the C-terminus of EIN2 is phosphorylated by CTR1,
EIN2 is targeted for degradation via ubiquitin-26S proteasome through F-box proteins ETP1/2
(EIN2-INTERACTING PROTEIN1/2), resulting in a blockage of downstream ethylene
response [59, 63, 66]. On the contrary, upon ethylene binding to the receptors via a copper
cofactor, transported by RAN1 (RESPONSIVE TO ANTAGONIST1), the suppressed
downstream response is relieved. The inactivation of CTR1 allows the proteolytic cleavage of
the C-terminus of EIN2, followed by transportation to the nucleus where it reaches
downstream transcription factors [63, 66]. Both transcription factors, EIN3 (ETHYLENE
INSENSITIVE3) and EIL1 (ETHYLENE INSENSITIVE LIKE1), are necessary and sufficient
to induce ethylene-regulated gene expression. EIN3 and EIL1 are also regulated through
protein degradation via SCF complex, containing F-box proteins EBF1/2 (EIN3-BINDING
PROTEIN 1/2), probably promoted by EIN2 [59].
EIN2, EIN3 and EIL1 are short half life proteins, which accumulate rapidly upon
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ethylene treatment. After 10 min of ethylene exposure, EIN2 accumulation within the nucleus
is observed [66]. Both EIN3 and EIL1 are deleterious when constitutively expressed, causing
dwarfism, low fertility, and seedling lethality [66]. Thus, the detection of those transcription
factors occurs only upon the first hours after ethylene treatment, decreasing thereafter
(fine-tune) due to a transcriptional induction of EBF2 that promotes their turnover [66]. EIN3
targets the transcription factor ERF1, which in turn regulates other EREBPs (Ethylene
Response Element Binding Proteins, transcriptional activators and repressors), binding to the
promoters of genes regulated by ethylene, containing the motif GCC-box [67].
The regulation of ethylene biosynthesis is the only way plants have to control ethylene
levels. Therefore, the crosstalk between ethylene biosynthesis and signaling takes place to fine-
tune ethylene response. Transcriptional regulation of ACS and ACO enzymes, as well as post-
transcriptional regulation of ACS by protein stability or turnover (reviewed by Harpaz-Saad et
al. (2012) [68]) influences ethylene biosynthesis. A few examples are shown to illustrate this
point. The transcriptional regulation of ACO by (i) ERF2 from tobacco (Nicotiana tabacum)
and tomato (L. esculentum) that interacts with ACS3 or ACO3 promoters, respectively, acting as
an activators [69]; and (ii) EIL1 and EIL2 (homologous to Arabidopsis EIN3 in Cucumis melo)
that interact with ACO1 promoter, activating its transcription during fruit ripening [70]. The
post-transcriptional regulation of ACS by (i) ETO1 (ETHYLENE OVERPRODUCER1), which
encodes a E3 ligase component (BTB/TRP protein), responsible for linking CULLIN3-based
ubiquitin ligase to the TOE-domain in the C-terminus of type-2 ACS, directing its degradation
by 26S proteasome; and by (ii) enhancing protein stability through phosphorylation mediated
by mitogen-activating protein kinase (MAPK) and calcium-dependent protein kinase (CDPK)
for type-1 ACS, as well as phosphorylation by phosphatase 2A (PP2A) for type-2 ACS [68].
1.5 Transcriptome as a tool for sugarcane crop improvement
Despite being an efficent energy converter (photosynthetic rate between 39 and 47 mg dm2
h−1), sugarcane record yield has reached only approximately 30% of the theoretical yield – the
crop improvement has been probably impaired by physiological constraints in every stage of
the plant development (reviewed by Waclawovsky et al. (2010) [71] and Shrivastava et al. 2014
[72]). Therefore, a comprehensive analyses of pathways related to important traits (e.g. ability
to cope with harsh environmental conditions, sucrose accumulation, and biomass production)
and their regulatory network will represent major breakthroughs for sugarcane industry in an
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era of uncertainties and challenges (climate change, water scarcity, and high energy demand)
[73]. The identification of targets for genome-wide assisted selection and biotechnology has
the potential to reduce the period to release elite cultivars for high sugar content or energy cane,
while advancing our current scientific knowledge [71, 74].
Besides the complex genome of sugarcane – polyploid, aneuploid, and highly
heterozygous, with a size of approximately 10 Gb (2n = 115) [75] – significant advances
towards a better understand of sugarcane processes have been achieved by transcriptome
approaches (microarray and RNA-Seq), with the identification of differentially expressed
genes in specific tissues and conditions [73]. The release of EST (Expressed Sequence Tags)
mainly by the Brazilian Consortium SUCEST, was the first effort to promote studies on
sucrose accumulation [76, 77], cell wall metabolism [78, 79], leaf development [80], circadian
rhythm [81], biotic and abiotic stresses [82–85] to name a few. Today, the release of a partial
sugarcane genome promises rapidly advances in sugarcane functional genomics, while
contributing to RNA-Seq transcript annotation [73, 75]. The impact of this genomic tools
promises a revolution on sugarcane fields.
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2.1 Abstract
The effects of ethephon as a sugarcane ripener are attributed to ethylene. However, the
role of this phytohormone at the molecular level is unknown. We performed a transcriptome
analysis combined with the evaluation of sucrose metabolism and hormone profiling of
sugarcane plants sprayed with ethephon or aminoethoxyvinylglycine (AVG), an ethylene
inhibitor, at the onset of ripening. The differential response between ethephon and AVG on
sucrose level and sucrose synthase activity in internodes indicates ethylene as a potential
regulator of sink strength. The correlation between hormone levels and transcriptional changes
suggests ethylene as a trigger of multiple hormone signal cascades, with approximately 18% of
differentially expressed genes involved in hormone biosynthesis, metabolism, signalling, and
response. A defence response elicited in leaves favoured salicylic acid over the
ethylene/jasmonic acid pathway, while the upper internode was prone to respond to ethylene
with strong stimuli on ethylene biosynthesis and signalling genes. Besides, ethylene acted
synergistically with abscisic acid, another ripening factor, and antagonistically with gibberellin
and auxin. We identified potential ethylene target genes and characterized the hormonal status
during ripening, providing insights into the action of ethylene at the site of sucrose
accumulation. A molecular model of ethylene interplay with other hormones is proposed.
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2.2 Introduction
Sugarcane (Saccharum spp.) is a monocot adapted to tropical and subtropical conditions
with an uncommon ability to store sugars in the culm, where sucrose content may reach 62% of
the dry matter [1]. This crop is grown mainly for sugar and ethanol production, but the use of
byproducts (i.e., cane tops, bagasse, filter muds, and molasses) for fodder, source of renewable
energy, and bioplastics increases its importance worldwide [2]. Cultivated in 106 countries,
sugarcane occupies an area of approximately 27 million hectares, with Brazil being the largest
producer and responsible for approximately 39% of the world production [3].
In Brazil, sugarcane is planted when temperature and water availability are adequate for
sprouting and initial growth, which happens in late summer and early spring [4]. Until fall,
high photosynthetic rates support sucrose translocation to actively growing tissues, where
sugars are source of energy and carbon for tillering [4]. The intense vegetative growth fades
during the winter, when low temperatures and water deficit trigger maturation [5]. During this
phenological phase, sucrose is accumulated in the vacuole of parenchyma cells within
internodes [6]. Each internode is a growth independent unit, generating a gradient of sucrose
in the culm profile: lower internodes have higher sucrose (mature or ripe), while upper ones
have lower sucrose content and are still elongating (immature) [6]. With a leaf attached,
internode elongates, develops thicker cell wall, and accumulates sucrose, completing the cycle
when leaf sheds [6]. When sucrose concentration in the juice reaches up to 13%, the plant is
ready for harvest [5].
The milling schedule and environmental changes can contribute to a deficient natural
ripening, making the use of chemical ripeners crucial. Those chemicals mimic the natural
ripening even when environmental conditions are sub-optimal, because they inhibit the growth
of the apical meristem and divert the energy allocation to sucrose storing [7]. In fact, the
improvement of sugarcane technological quality through chemical management has a positive
impact on the profits of the cane-based industry [7]. Ethephon, an ethylene releasing
compound, was the first growth regulator (early 1960s) used for crop management and
post-harvest quality in a wide range of agricultural, horticultural and forestry species [8]. The
effects of ethephon are attributed to the phytohormone ethylene [8]. Endogenous ethylene
biosynthesis is stimulated and depend on the effective absorption of the chemical, foliar spray
coverage, hormone sensitivity, stress status, and environmental conditions [8]. The application
of ethephon in sugarcane has accelerated ripening, increased the overall sugar yield, inhibited
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flowering, and extended harvesting and milling seasons [7, 9]. Other growth regulator is the
aminoethoxyvinylglycine (AVG), a potent antagonist of ethylene that interferes with the
hormone biosynthesis [10], representing a powerful tool for ethylene research [10, 11].
Although extensively used to postpone senescence (especially undesired abscission) in
ornamental and fruit species, AVG has never been applied to sugarcane fields.
A better understanding of the regulation of sucrose accumulation, biomass production,
and stress tolerance represents major breakthroughs for the sugarcane industry in an era of
challenges, such as climate change, water scarcity, and high energy demand. While in other
species these physiological processes are regulated by the hormone ethylene [8], its role in
sugarcane is still to be unravelled. Thus, the aim of this study was to investigate
ethylene-modulated gene expression in a high sucrose yield and mid-late season maturing
sugarcane cultivar through the application of ethephon and AVG at the onset of ripening. A
comprehensive transcriptome analysis combined to sucrose metabolism parameters and
hormone profiling allowed the identification of target genes and the site of ethylene action, as
well as the characterization of potential hormonal crosstalk, providing insights into the role of
ethylene in sugarcane ripening. A representative model of ethylene action at the molecular
level is also proposed. This study advanced our scientific knowledge on ethylene-driven
processes and pointed novel targets for future genome-wide assisted-selection and
biotechnology to foster the production of elite cultivars.
2.3 Material and methods
2.3.1 Plant growth conditions
The experiment was carried out in a greenhouse (open-sided and plastic roofed with a
4 m-height arch structure) at the Santa Elisa Farm, Agronomic Institute of Campinas (IAC),
Campinas, Brazil (22◦52’6” S, 47◦4’32” W) (Fig. 1a). Uniform sugarcane plantlets, sprouted
from one-bud cuttings in trays containing commercial substrate, were transplanted in concrete
tanks with 1.54 m3 of soil (Fig. 1b). The fertilization was based on a soil chemical analysis,
following the recommendation of van Raij & Cantarella (1997) [12]. Each tank, containing 15
individual plants, represented an experimental unit (Fig. 1c). The whole experiment had six
tanks, two per treatment. During plant development, the primary culm was kept, while tillers
were periodically removed. The meteorological data inside the greenhouse were recorded with
CR800 datalogger (Campbell Scientific, Logan, U.S.A.), where the average air temperature
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ranged from 16◦C to 29◦C and air relative humidity was about 70%.
Fig. 1. Greenhouse images. (a) Outside view of the greenhouse. (b) One-month-old plantlets after
the transplant to concrete tanks. (c) and (d) Intense vegetative growth stage (four-month-old and eight-
month-old plants, respectively). (e) Application of growth regulators using an electrical backpack sprayer
occurred when plants reached ten-month-old.
2.3.2 Chemical treatments and plant sampling
The treatments included two growth regulators applied separately:
2-chloroethylphosphonic acid (ethephon), an ethylene releasing compound (Ethrel 240, Bayer
CropScience, Charleston, U.S.A.; 519 µM of active ingredient); and aminoethoxyvinylglycine
(AVG), an ethylene biosynthesis inhibitor (Retain, Valent BioScience, Libertyville, U.S.A.; 46
µM a.i.). A mock treatment was included, containing only the surfactant (Haiten, Arysta
Lifescience, Salto de Pirapora, Brazil; one mL L−1 of spray mixture) added to distilled water,
as used in the other treatments. The AVG dosage was determined in previous pilot trials using
sugarcane cultivars RB966928 and RB867515, in which higher doses than the used here
caused leaf chlorosis (data not published). Sugarcane plants that are rapidly storing sucrose at
the maturation stage registered a maturation index (ratio between the ◦Brix at the top and the
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bottom part of the culm) higher than 0.60, while harvest occurs between 0.85 and 1.00. In this
study, chemicals were sprayed when plants were 10-month-old with a maturation index of 0.4,
indicating that application occurred prior to ripening. The chemicals were applied with a spray
boom with three hollow cone nozzles (TP8002VK, maximum nominal pressure of 20 bar,
TeeJet, Springfield, U.S.A.), coupled with an electrical backpack sprayer (model 16 L Jett,
Sanmaq, Braganc¸a Paulista, Brazil) at the maximum flow rate (0.8 L min−1) and with a total
volume of 16 L (Fig. 1d,e). Prior to the application, a plastic curtain divided the area of each
treatment to minimize drift. The first leaf with visible dewlap (leaf +1) or the following
downward leaf (leaf +2), and the pith (mainly storage parenchyma cells) of the intermediate
internode of the upper third (from +2 to +4) and middle third (from +7 to +9) of the culm
(here referred as upper internode and middle internode, respectively) of three individual plants
per tank were sampled at one, five and 32 days after chemical application (DAA), always at the
midday. A total of three individual plants per tank (six per treatment) per time point was
harvested; the tissues of interest were separated, immediately frozen in liquid nitrogen, and
maintained at -80◦C for further molecular and biochemical analyses. The plants sampled from
tanks with the same treatment were harvested and processed in parallel.
2.3.3 Total RNA extraction and cDNA synthesis
The frozen samples were ground using a pre-cooled mortar and pestle for leaves and an
electrical homogenizer for internodes. Total RNA extraction from leaves and internodes was
performed using the protocol described by Logemann (1987) [13]. The RNA samples were
treated with DNase in solution and purified on-column using the RNase-Free DNase Set
(Qiagen, Hilden, Germany), according to the manufacturer’s instruction. The integrity of the
RNA extracted was assessed by formaldehyde agarose gel (1.2%) electrophoresis and
quantified by Nanodrop 2000 (Thermo Scientific, Life Technologies, Waltham, U.S.A.).
Absence of contaminant DNA in RNA samples was checked by running a PCR for a promoter
sequence. The RNA from three individual plants harvested from one tank were equimolar
pooled and used in the microarray as two technical replicates. The remaining plants, from the
other tank, were used separately to data validation using quantitative real-time PCR (qPCR).
First-strand cDNAs were synthesized from 0.5 µg of purified total RNA in a 20 µL-final
volume reaction using QuantiTect Reverse Transcription kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instruction. The samples were diluted 1:30 and aliquots were
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separated to avoid multiple thaws and maintained at -20◦C.
2.3.4 Microarray procedures
Oligoarray hybridization and image acquisition. The customized 4x44K oligoarray
(Agilent Technologies, Santa Clara, U.S.A.) for sugarcane (CaneRegNet) contains 21,901
unique probes in duplicates, representing 14,522 SAS released by the Sugarcane EST Project
(SUCEST) [14] and designed as described by Lembke et al. (2012) [15]. All the steps (from
sample preparation to hybridization) followed the Two-Color Microarray-Based Gene
Expression Analysis protocol. Spike-in RNA that hybridize to control probes in the array was
added to monitor the workflow (Two-Color RNA Spike-In Kit, Agilent Technologies, Santa
Clara, U.S.A.). Amplification and labelling (cyanine 5-CTP and cyanine 3-CTP dyes) of 2 µg
of total RNA to generate cRNA were performed using Quick Amp Labelling kit, two-color
(Agilent Technologies, Santa Clara, U.S.A.). Then, cRNA was purified by RNeasy Mini kit
(Qiagen, Hilden, Germany) and quantified in NanoDrop ND-1000 UV-VIS spectrophotometer
(Thermo Scientific, Life Technologies, Waltham, U.S.A.). Fluorescently-labelled cRNA was
hybridized to arrays using the Gene Expression Hybridization kit and the Gene Expression
Wash Buffer kit (Agilent Technologies, Santa Clara, U.S.A.). The arrays were scanned by
GenePix 4000B scanner (Molecular Devices, Sunnyvale, U.S.A.) using Agilent (C or B)
Scanner Settings. Microarray data files are deposited at the Gene Expression Omnibus (GEO)
public database, series record GSE85489.
Normalization and data analysis. Scan data were extracted for gene expression
measurements using Feature Extraction software version 9.5.3.1 (Agilent Technologies, Santa
Clara, U.S.A.) and the protocol GE2-v5 95 Feb07. After a background signal correction, the
data were normalized by a linear method followed by the LOWESS method [16] to correct
intensity-dependent dye biases. Outlier genes were identified by a modified HTself
method [17] with 90% confidence for reference dataset, using the following parameters to
define significant differentially expressed (DE) genes in each experimental condition:
minimum of 70% of all spots showing a similar pattern and positively flagged in the two
technical replicates. Finally, the log2 ratio was calculated.
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2.3.5 qPCR analysis
Microarray expression validation was performed by qPCR assay, using a polyubiquitin
gene as reference designed by Papini-Terzi et al. (2005) [18]. Target-specific primers were
designed from SAS sequences using Beacon Designer Lite software version 8 (Premier
Biosoft International, Palo Alto, U.S.A.), showing acceptable efficiencies by LinRegPCR
version 2015.3 [19] and specificity confirmed by melting curves. The list of primers used in
this study is available at Table 1. qPCR was performed using the 7500 Real-time PCR
equipment and 7500 System software (Applied Biosystems, Life Technologies, Waltham,
U.S.A.). The reactions were carried out in a 15 µL final-volume, containing SYBR Green PCR
Master Mix (Applied Biosystems, Life Technologies, Waltham, U.S.A.), 3.5 µL of cDNA
(diluted 1:30) and a final concentration of 300 mM of each primer. Negative controls (water)
were added to confirm the absence of any contaminant. The cycling conditions followed the
default program using a melting temperature of 60◦C for all primers. Each gene was evaluated
in three biological replicates and two technical replicates. The baseline and quantification
cycle (Cq) were determined using the Sequence Detection Software version 1.3 (Applied
Biosystems, Life Technologies, Waltham, U.S.A.). The relative gene expression was
calculated using the comparative C(T) method [20], followed by a log2 normalization.
Table 1. Primers for reference and target genes used in qPCR analysis. The PUB primer, designed by
Papini-Terzi et al. (2005) [19], was used as reference. The alias was based on orthology to Arabidopsis
(detailed in Table S1).
Accession Alias Primer forward (5’-3’) Primer reverse (5’-3’) bp
CA116504.1 ACO5 GCCAAGCAGAAGTTCCAG TCCGTACTAGCAAGTTTTAAGC 97
CA131347.1 ETR2 GCTGGAGGATGGCAAATGAC ACCACCACCCAAGTTTCTATGA 93
CA111353.1 ERS1 GTTGTCGTGCTCTTGCTA GCTCTCATTGCCCTGTTAA 110
CA133417.1 EIN4 GTTGGCTGCCGTTGATTG CTAGTGTGACTGGTTTCTGGAT 108
CA095200.1 EIN2 AGATGTAGTCTGCTGATGC CAGTATTTGCGACCTCTCT 117
CA190765.1 EIL3 CCTGATTTGGCTGGGAGTTCT GTCCACTGGCATACTGCTCTG 97
CA101597.1 ERF1 GAAGGGAGAAGGCGGTTT GCGTAGTACAGGGCAGTA 105
CA103790.1 Putative ERF CGACCTTGACCTGAACTG GGAAGAAACTACATGCAGTCA 92
CA117074.1 RAP2-2 AGCCGATAGCCTATTCTA CATACAGTACCTACGAACAT 84
CA071915.1 RAP2-12 GAGTTACAGACACAGAGT GACGACTAAGCAACAATC 91
CA102105.1 SAG12 ATCACGACCCAAGCATCATAT CAAGCCAATCTGCACATTACAA 120
CA100660.1 HEL, PR4 ACATTCGTCACTTGGTCT ATCGTCAGTTGCCTCTTA 76
CA096336.1 HEL, PR4 GTTCGTCAACTGCTAGTAG CACTTATTGGCTCGTAGG 75
CA164927.1 NPR1 GGAGACTATCAAGCGATG TCCCAGGTCTCCAAAACCGTGAT 83
CA071184.1 CESA3 TGAGTGGTGGAGGAATGAA TTGAGGTGACAGTGAAGTTG 122
CA263445.1 PDF2.3 CGCCGAAGAAGAAAGGAATC GAGCAGCAGCATGACGAG 90
- VSP2 AAGGAGGTCTGGGTGTTC CGAGTTGTATGGCTCAGA 93
- PUB CCGGTCCTTTAAACCAACTCAGT CCCTCTGGTGTACCTCCATTTG 91
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2.3.6 Identification of orthologues/homologues in model species
The orthologues from sorghum (Sorghum bicolor) or rice (Oryza sativa) for each SAS
were assigned using the data released by Vicentini et al. (2012) [21]. The FASTA sequences
from sorghum and rice were retrieved and mapped to the Arabidopsis thaliana genome (TAIR
10) using Mercator [22]. GOMapMan was used to classify those SAS, showing homology to
Arabidopsis, in plant-specific categories. The orthology with Arabidopsis was confirmed using
the Ensembl Plants database (release 30, December 2015) only for the SAS discussed in this
study. It is worth mentioning that the Arabidopsis alias were used to identify DE transcripts in
our study, as no systematic nomenclature is available for sugarcane.
2.3.7 Functional enrichment and HORMONOMETER analyses
We conducted a GO term enrichment analysis with AGI using agriGO [23]. The list
of GO terms was summarized by REVIGO [24]. Additionally, the GeneMerge software [25],
implemented in the SUCEST-FUN database (sucest-fun.org) and manually curated as described
by Lembke et al. (2012) [15], allowed the identification of overrepresented categories related
to GO biological processes, KEGG pathways, and transcription factors. The hormone-related
gene set was retrieved using the Arabidopsis Hormone Database 2.0 [26], GOMapMan bincodes
(e.g. hormone metabolism), and the data released by Nemhauser et al. (2006) [27] and Chang
et al. (2013) [28]. HORMONOMETER software [29] was used to compare our data with an
indexed set of transcripts identified in multi hormonal studies performed with seven-day-old
Arabidopsis seedlings [30].
2.3.8 Sugar quantification
Freshly harvested tissues (leaf +2 and the pith of upper and middle internodes) were dried
to a constant weight at 60◦C in a drying oven. The extract for total soluble sugars and sucrose
quantification was prepared as described by Bieleski & Turner (1966) [31] and van Handel
(1968) [32], respectively. The quantification method followed Dubois et al. (1956) [33], using
glucose and sucrose as standards. The content of reducing sugars was calculated subtracting the
sucrose from the total soluble sugars. The sugar measurements were corrected by dry weight
(biomass) and expressed as mg sugar g−1 dry weight (DW).
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2.3.9 Activity of enzymes involved in sucrose metabolism
The activity of sucrose-phosphate synthase (SPS, EC 2.4.1.14), sucrose synthase (SuSy,
EC 2.4.1.13), soluble acid invertase (SAI, EC 2.4.1.25), and neutral invertase (NI, EC 2.4.1.26)
were evaluated. The extracts were prepared as described by Grof et al. (2007) [34], using 500
mg of freshly ground tissues. The purified extract was used in the enzymatic assays according to
Zhu et al. (1997) [35], with modifications. The SPS and SuSy assays were performed using 1:1
(v/v) of the desalted extract and the reaction buffer. The SPS reaction buffer was prepared using
200 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 2 mM EDTA, 25 mM fructose and 50 mM uridine
diphosphate glucose (UDPG). The SuSy reaction buffer was prepared as described for SPS,
with the exception of fructose that was replaced by 8 mM fructose-6-phosphate and 40 mM
glucose-6-phosphate. The mixture was incubated at 37◦C (SPS) or 30◦C (SuSy). The reaction
was stopped after 30 min by adding 100 µL of 30% (v/w) KOH and boiling the mixture for 3
min. The sucrose produced by those reactions was measured as described previously. The SAI
and NI assays were performed using 1:1:2 (v/v/v) of the desalted extract, 1 M citrate buffer (pH
4.5 for SAI and pH 7.5 for NI), and 0.24 M sucrose. The mixture was incubated at 37◦C for 30
min. The reaction was stopped by adding 0.2 µL of 3 M Tris base and boiling the solution for
3 min. The hexose content was determined by the Somogyi-Nelson method [36].
2.3.10 Superoxide dismutase activity
Superoxide dismutase (SOD, EC 1.15.1.1) activity assay was performed as described by
Giannopolitis & Ries (1977) [37]. The extract was prepared with 100 mg of pulverized leaf
tissue, 2% (v/w) PVPP, and 2 mL 0.1 M potassium phosphate buffer (pH 6.8), containing 0.1
mM EDTA and 1 mM phenylmethylsulfonyl fluoride. After centrifugation (15,000 g, 15 min,
4◦C), 300 µL of the supernatant was used in the reaction, containing 46 mM sodium phosphate
buffer (pH 7.8), 12 mM methionine, 0.1 mM EDTA, 2 µM riboflavin, 0.1 mM nitrotetrazolium
blue chloride (NBT), in a final volume of 3.27 µL. Each reaction was performed in replicates:
one set was maintained in the dark and the other was exposed to light (30 W) for 5 min. The
absorbance at 560 nm was recorded. One SOD unit means the amount of the enzyme required
to inhibit the photoreduction of 50% of NBT.
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2.3.11 Lipid peroxidation
Lipid peroxidation was estimated by malondialdehyde (MDA) content according to
Cakmak & Horst (1991) [38]. The extract was prepared with 200 mg of pulverized leaf tissue
and 1.5 mL 0.1% (w/v) trichloroacetic acid. After centrifugation (10,000 g, 15 min, 4◦C), 500
µL of the supernatant was used in the reaction, containing 1.5 mL 0.5% (w/v) thiobarbituric
acid. The reaction was incubated in a water bath (90◦C) with constant agitation for 20 min.
The reaction was stopped on ice followed by centrifugation (10,000 g, 10 min, 4◦C). The
reaction was maintained for 30 min at room temperature before recording the absorbances at
532 and 600 nm. The MDA content estimation considered a MDA absorbance coefficient of
155 mM−1 cm−1.
2.3.12 Hormone profiling
The tissues from leaves and upper and middle internodes of four individual plants were
lyophilized and weighed out with approximately 70 mg. The hormone profiling was analyzed
at the Proteomics & Mass Spectrometry Facility (Donald Danforth Plant Science Center, St.
Louis, U.S.A.). The quantification was conducted in a LC-MS/MS system, composed by a
Shimadzu LC interfaced with an AB Sciex 4000 QTRAP mass spectrometer equipped with a
TurboIonSpray (TIS) electrospray ion source. The 4000 QTRAP mass spectrometer was tuned
and calibrated according to the manufacturer’s instruction. Hormones were detected using
MRM transitions, previously optimized using a series of standard samples containing different
concentrations of hormones and deuterium-labelled standards. For LC separation, a monolithic
C18 column (Onyx, 4.6 mm × 100 mm, Phenomenex) with a guard cartridge was used,
flowing at 1 mL min−1. The peak area was normalized in the same way as the standard
samples and, then, quantified according to the standard curve. The data were normalized based
on the internal standards (D2JA, D4SA, D6ABA, D5IAA, and D5transZ) to account for
experimental variation, hormone extraction, and ionization efficiency.
2.3.13 Bayesian network analysis
The Bayesian network analysis was performed using the BNFinder software [39]. The
microarray data from all experimental conditions were used to define interactions in a 64 node
network, including 60 hormone-related or marker genes, two growth regulators (ethephon and
AVG), and two plant tissues (leaf and upper internode). It was assumed that gene expression
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is dependent on growth regulators and plant tissues, but not the opposite. The orientation of
the regulatory interactions was also inferred (positive and negative). The Bayesian-Dirichlet
equivalence scoring criterion was used to devise the network structure for the continuous (raw
intensity measures) and discrete (growth regulators and tissues)variables. The network topology
was visualized using Cytoscape version 3.4.0 [40].
2.3.14 Statistical analysis
We performed a one-way ANOVA (chemical) or a two-way ANOVA (chemical versus
tissue or chemical versus time point interaction) depending on the data. When the interaction
was declared significant (p-value < 0.05), a least significant difference test (LSD, p-value <
0.05) was used to compare means. The analysis was conducted using the package Agricolae
in R software. Other analyses were performed with R packages: corrplot (correlation) and
d3heatmap (heatmaps and hierarchical clustering).
2.4 Results and Discussion
2.4.1 Effect of ethephon and AVG on sucrose metabolism
Ten-month-old sugarcane plants (IACSP95-5000) were sprayed with growth regulators
before the onset of ripening: an ethylene-releasing ripener (ethephon), mimicking the standard
practices of commercial mills; or an ethylene biosynthesis inhibitor (AVG), hampering
putative endogenous ethylene biosynthesis and response. In sugarcane, ethephon stimulates
sucrose accumulation in immature internodes accompanied of shoot growth inhibition [7, 9].
However, to our knowledge, this is the first report about AVG applied at this phenological
stage. In sugarcane plantlets grown in vitro, AVG antagonized ethephon in promoting tillering
and shoot outgrowth [41], which is a good indication of the opposite effect of both chemicals.
Hence, the effect of ethephon and AVG on sugar accumulation was verified through
quantification of sucrose and hexose contents on a biomass basis in leaf and culm tissues
sampled at the beginning of experimentation (five days after chemical application, DAA) and
at harvest (32 DAA) (Fig. 2). Likewise, the activity of key enzymes involved in the regulation
of sucrose metabolism was also evaluated to better understand the regulatory role of ethylene
on this important process (Fig. 3).
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Sucrose and hexose levels on sugarcane leaves were unaltered by growth regulators at both
time points (Fig. 2a-d). On the contrary, ethephon-treated canes showed higher sucrose levels
in upper and middle internodes (60% more sucrose than mock treatment on average) at harvest,
when sucrose:hexose ratio peaked (Fig. 2b,f). Whereas, sucrose content in middle internodes
of AVG-treated canes had a 42% reduction when compared to mock treatment (Fig. 2b). Thus,
ethephon and AVG were able to modify sugar partitioning in the culm, confirming the efficacy of
ethylene in inducing ripening (sucrose storage). The behavior of sucrose metabolizing enzymes
was also modulated by chemical spraying (Fig. 3a-h). Enzyme activities were statistically
different between chemicals for sucrose-phosphate synthase (SPS, Fig. 3e), sucrose synthase
(SuSy, Fig. 3f), and soluble acid invertase (SAI, Fig. 3g) in middle internodes, while neutral
invertase (NI) was altered in both leaves and middle internodes (Fig. 3d,h). When considering
the interaction between chemicals and time points only NI and SuSy activities showed statistical
difference in leaf and middle internode, respectively (Fig. 3d,f).
Fig. 2. Sucrose (a-b) and hexose (reducing sugars, c-d) contents (mg sugar g−1 dry weight) and
sucrose:hexose ratio (e-f) in leaf and upper (UI, immature) and middle (MI, maturing) internodes of
sugarcane plants at five (a,c,e) and 32 (b,d,f) days after ethephon (dark gray), mock (white), or AVG
(light gray) application (DAA). Each bar represents the average of four replicates (individual plants),
including the standard error of the mean (SEM). The letters denote significant differences using two-way
ANOVA (chemical versus tissue interaction, p-value < 0.05) followed by LSD test (p-value < 0.05).
The magnitude of SPS activity in ethephon-treated internodes (up to 0.03 µmol sucrose
g−1 FW min−1) was low when compared to SuSy (up to 1.33 µmol sucrose g−1 FW min−1)
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(Fig. 3e,f). Apparently, SPS activity was reduced by ethephon spraying in relation to mock
treatment, while SuSy activity was strongly induced at five DAA in middle internodes.
Although, SPS is regarded as a major player in sucrose synthesis in photosynthetic and
nonphotosynthetic tissues, with an increased activity towards fully elongated and more mature
internodes, its regulation at the protein level by metabolites (e.g., inorganic phosphate) and
phosphorylation compromise the enzyme stability and abundance [42, 43]. SuSy activity
shows an opposite behavior of SPS in the culm profile, but its contribution for sucrose
synthesis in immature and maturing internodes (from +3 to +9) cannot be
underestimated [43]. SuSy has a dual role, catalyzing sucrose synthesis and degradation in a
readily reversible reaction, while diverting energy for cell wall formation or ATP-conserving
respiration path [44]. The involvement of SuSy in stimulating sink strength has also been
speculated for sugarcane as observed in sugar beet root and potato tuber [44–46]. In addition
to SuSy, invertases also cleave sucrose, which in parallel with SPS, fine-tune sucrose
accumulation through the futile cycle actived whatever internode physiological age (from
sucrose mobilising internodes to rapidly storing ones) [47]. Actually, a huge percentage of
sucrose (> 70%) is hydrolysed prior to storage [6]. SAI activity seemed to be lower than mock
treatment in internodes of ethephon-treated canes at five DAA and of AVG-treated canes at
both time points (Fig. 3g). On the contrary, NI activity was stimulated in internodes of
ethephon-treated canes at both time points (Fig. 3h). There is plenty evidence of SAI activity
correlating negatively with internode elongation, however the role of NI is controversial and
may be implicated in the control of sucrose flux from vascular to storage tissues in mature
internodes [6, 48, 49].
In fact, sucrose storage increases after internodal development, which explains the shoot
growth inhibition commonly elicited by chemical ripeners in sugarcane [6, 7, 9]. Therefore,
low SAI and high SuSy and NI activities just upon ethephon spraying may hasten internode
elongation, contributing for the anticipation of sucrose accumulation as described by Fong
Chong et al. (2010) [9]. The modification of enzymatic activity immediately after ethephon
application may have a long-lasting effect, culminating in higher sucrose content within
internodes at harvest. On the other hand, enzymatic changes detected at harvest may not have a
significant contribution to the overall process. We recently found out that IACSP95-5000
accumulated higher sucrose level in culm due to ethephon spraying, even with photosynthesis
impaired by drought [50]. This suggests that sink strength modulation, rather than the source
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activity, is the major ethephon-induced response contributing to sucrose storage. Besides, the
differential response of ethephon and AVG to sucrose accumulation and SuSy activity
strengthen the ethylene role in sugarcane ripening and should be further investigated.
Fig. 3. Activity of sucrose metabolizing enzymes in leaf (a-d) and middle internode (maturing, e-h) of
sugarcane plants at five and 32 days after ethephon (blue), mock (black), or AVG (red) application
(DAA). The enzymes were involved in sucrose synthesis (µmol sucrose g−1 fresh weight min−1):
sucrose-phosphate synthase (SPS) (a,e) and sucrose synthase (SuSy, evaluated only at the synthesis
direction) (b,f); and sucrose degradation (µmol glucose g−1 fresh weight min−1): soluble acid invertase
(SAI) (c,g) and neutral invertase (NI) (d,h). Each point represents the average of four replicates
(individual plants), including the standard error of the mean (SEM). The asterisks denote significant
differences between means of growth regulators and mock treatment inferred by one- or two-way
ANOVA (F values for chemical and chemical versus time point interaction were shown) followed by
LSD test (p-value < 0.05 ∗ or 0.01 ∗∗). n.s. means not statistically significant.
2.4.2 Overview of ethylene-induced changes in transcriptome
We performed a transcriptome analysis using tissues from the leaf and the upper internode
of plants sprayed with ethephon and AVG at one and five DAA, when the decomposition of
ethephon and accumulation of ethylene are pronounced [51]. Equimolar-pooled samples of
RNA extracted from three biological replicates (each representing an individual plant) were
labelled with either cyanine-3 or cyanine-5 dyes. Co-hybridization of chemical-treated samples
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with mock samples as reference (one or five DAA chemical treated-sample against one DAA
mock sample; and five DAA chemical treated-sample against five DAA mock sample) was
performed to monitor gene expression changes in a two-colour Agilent custom microarray,
using a dye-swap design (Fig. 4). The twelve chips used in this analysis showed homogeneous
distribution of probe intensities, adequate performance of spike-in controls and no significant
residual bias associated with dyes (data not shown).
Fig. 4. Experimental design of microarray analysis. The arrows represent different chips in which each
sample was labelled with either cyanine-3 or cyanine-5 dyes (here indicated by red and green colours,
respectively). The numbers indicate the time point in which samples were harvested: one and five days
after chemical application (ethephon, AVG or mock).
The modified HTself method, with a confidence level of 90% and with the intensity ratio
values of replicated probes in the pairwise comparisons consistently assigned outside the
credibility interval thresholds (> 70%), enabled the classification of genes as differentially
expressed (DE) [17]. Among 14,522 Sugarcane Assembled Sequences (SAS) in the array,
2,183 were DE in at least one of the conditions analysed (only sense probes were evaluated)
(Table S1), with 394 DE SAS identified on average per array. The majority of DE SAS were
uniquely assigned to either ethephon or AVG (approximately 75%), demonstrating that plants
exhibited a distinct expression pattern in response to chemicals and time points (Fig. 5a).
Additionally, the distribution of log2 ratios from each sample, inferred by density plots (Fig.
5b), showed a good agreement between the expression pattern of five-DAA chemical-treated
samples using either one DAA or five DAA mock-treated sample as reference (red lines). The
number of upregulated SAS in leaves was higher for both chemicals at one DAA (60% more
upregulated than downregulated SAS on average), while upper internode samples showed
more upregulated SAS at five DAA (190% more upregulated than downregulated SAS on
average), with higher expression values (log2 ratio > 5, long right tail) for ethephon-treated
samples. The gene expression of 17 selected genes obtained by qPCR was suitably correlated
(Pearson’s r = 0.6, p-value < 0.002, Spearman’s rank = 0.6, p-value < 0.0001) with those
obtained by microarray since the validation was done in a different experimental plot, attesting
to the reliability of the data produced (Fig. 6).
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Fig. 5. Overview of Sugarcane Assembled Sequences (SAS) identified as differentially expressed (DE)
in sugarcane plants sprayed with ethephon and AVG after one and five days (DAA). (a) Venn diagrams
for leaf and upper internode tissues using one-DAA (top) and five-DAA (bottom) mock samples as
reference: N means the number of unique SAS in the diagram. (b) Density plots of log2 ratio values (the
bimodal distribution reflects the selection of DE SAS based on the HTself algorithm), including a bar
chart with the number of up (red) and downregulated (blue) genes in the following order (left to right):
one (black line) and five (red line) DAA chemical treated-samples against one DAA mock sample (solid
line), and five DAA chemical treated-samples against five DAA mock sample (dashed line).
Fig. 6. Correlation between gene expression values of 17 selected genes obtained by microarray and
qPCR: Pearson’s r = 0.6 (p-value < 0.002) and Spearman’s rank = 0.6 (p-value < 0.0001).
2.4.3 Homology with model species and functional enrichment analyses
The putative function of each DE SAS in our study was assigned through orthology with
sorghum or rice genes using the data released by Vicentini et al. (2012) [21]. Among the 2,183
DE SAS, 2,055 were orthologous to sorghum (Sorghum bicolor) and 23 were orthologous
exclusively to rice (Oryza sativa) genes (Table S1). Only 105 SAS were sugarcane-specific,
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lacking orthology with those grass-related species. We chose to input sorghum and rice coding
sequences (complete genome sequence available) in Mercator [22] to identify homologous
genes in the Arabidopsis (Arabidopsis thaliana) genome (best hit). A total of 1,906 sequences
were assigned to 1,602 unique Arabidopsis Genome Initiative locus identifier (AGI), with 173
monocot-specific sequences (no hits). Hence, we restricted our analysis to conserved genes
between monocots and eudicots. We utilized the MapMan ontology (GOMapMan) released in
the Mercator output to calculate the percentage of DE SAS within each category. Putative
genes encoding proteins involved in or related to hormone metabolism, stress, RNA,
signalling, and transport represented a significant portion (approximately 31%) of transcripts
(Fig. 7a).
We evaluated overrepresented GO (Gene Ontology) terms within the biological process
category that were comparable between ethephon and AVG samples. First, we performed a
functional enrichment analysis in AgriGO [23] that was summarized by REVIGO [24], using
the Arabidopsis genome as reference. The GO terms, response to chemical (GO: 0042221),
transport (GO: 0006810), carbohydrate metabolic process (GO: 0005975), and developmental
process (GO: 0032502), were enriched in all conditions analysed (p-values ranging from
9.5×10−29 to 1.6×10−7). Similar GO terms were found enriched in another analysis
performed in GeneMerge [25], implemented in the SUCEST-FUN database, with sugarcane
transcriptome as reference (Fig. 7b). We found response to ethylene stimulus (GO: 0009723)
enriched in leaf samples sprayed with ethephon and AVG, although ethylene-mediated
signalling pathway (GO: 0009873) was only enriched in ethephon-treated upper internode.
Interestingly, response to auxin (GO:0009733) was exclusively assigned to AVG-treated
samples. Other GO terms related to growth (GO:0009831, GO:0040007), biotic and abiotic
stresses (GO:0009816, GO: 0009611), and transport (GO:0055085, GO:0006857) were also
found enriched within our data, including KEGG pathways related to biosynthesis of
secondary metabolites, sucrose metabolism and plant hormone signal transduction, which
seem to be associated with ethylene response in sugarcane at the maturation stage. Particularly
sucrose metabolism and growth related categories are consistent with the physiological effects
elicited by ethephon application on sugarcane [7, 9].
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Fig. 7. Functional enrichment analyses. (a) GOMapMan categories among Sugarcane Assembled
Sequences (SAS) identified as differentially expressed (DE) with homology to Arabidopsis. (b) Selected
statistically significant enriched GO (Gene Ontology) terms (biological process) and KEGG pathways
identified in leaf and upper internode (UI) of plants sprayed with ethephon and AVG; the bubble size
indicates the frequency of the GO term within the SAS set. (c) Proportion of hormone-related DE
transcripts in each category.
2.4.4 Hormone-inducible genes: insights from Arabidopsis homologues
Changes in one hormone often affect other hormone pathways, depending on dosage,
developmental and environmental cues that shape their intricate interplay [52]. The functional
enrichment analysis points ethylene as a trigger of hormone response pathways in sugarcane,
similarly as observed for Arabidopsis [27, 28]. To unravel the underlying crosstalk between
ethylene and other hormones that might occur in sugarcane after spraying of growth regulators,
we retrieved hormone-related genes that were DE using the Arabidopsis Hormone Database
2.0 [26], GOMapMan bincodes (e.g. hormone metabolism) [22], and the data released by
Nemhauser et al. (2006) [27] and Chang et al. (2013) [28] (Table S2). In total, 338 putative
genes (17.7% of the whole SAS set with homology to Arabidopsis) were identified as being
modulated or participating in at least one hormone pathway, with 11.2% of those genes being
co-regulated by more than one hormone (Fig. 7c). Genes involved in ethylene, abscisic acid
(ABA), auxin (IAA), and jasmonic acid (JA) pathways or response were highly represented
(approximately 77.5%) (Fig. 7c).
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The HORMONOMETER tool [29] was used to correlate multi hormonal signatures
compiled from experiments in which seven-day-old Arabidopsis seedlings were subjected to
various hormone treatments [30] with the hormone-related dataset identified in this study (Fig.
8). A strong positive correlation (values above 40%) [29] with auxin signatures was
highlighted in ethephon-treated leaves at five DAA (60% on average) and upper internodes at
both time-points (65% on average). On the contrary, IAA signatures showed an anticorrelation
with AVG-treated leaves (-40% on average) at one DAA. The
1-aminocyclopropane-1-carboxylic acid (ACC, ethylene precursor) signatures detected in leaf
samples had a similar pattern between ethephon and AVG treatments, showing a positive
correlation at one DAA and an anticorrelation at five DAA. Otherwise, ACC signatures in the
upper internode showed a strong positive correlation with ethephon at both time-points (35%
on average) and a weak anticorrelation (-20%) with AVG at one DAA.
Fig. 8. Average correlation values obtained when comparing hormone-related differentially expressed
(DE) transcripts identified in sugarcane at one and five days after ethephon and AVG spraying (DAA)
with Arabidopsis hormonal transcript indexes (y axis) performed in the HORMONOMETER tool [29].
The Arabidopsis hormonal treatments include: ethylene (ACC, ethylene precursor), auxin, abscisic acid,
methyl jasmonate, brassinosteroid, cytokinin (zeatin) after 30, 60, and 180 min of exposure; salicylic
acid after 180 min of exposure; and gibberellin (isoform 3) after 3, 6, and 9 h of exposure. The range of
correlation is colour coded for positive (red), neutral (white) and negative (blue).
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2.4.5 Changes in endogenous hormone levels
To determine whether growth regulators affect endogenous hormone levels, we
quantified ABA, IAA, JA, SA, GA (isoform 4), and cytokinin (CK, trans-zeatin) in leaves and
upper internodes (Fig. 9) of plants treated with ethephon, AVG, and mock. Although the high
variation observed among individual plants impaired the identification of statistically
significant differences among chemicals, ethephon seems to affected negatively ABA, GA, and
CK levels at five DAA, while SA levels increased substantially at one DAA and JA was
slightly higher at five DAA in leaves (Fig. 9a,b, d-f). The ethephon-treated upper internode
seems to have higher levels of ABA and JA at five DAA (Fig. 9a,e).
AVG inhibits ACC synthase (ACS), a pyridoxal enzyme that participates in the ethylene
biosynthesis pathway, affecting the enzyme activity in a reversible and competitive manner by
binding to its catalytic site (Ki of 0.2 µM) [10]. Besides the known antagonistic response to
ethylene, AVG also affects IAA biosynthesis by blocking potentially pyridoxal and tryptophan
aminotransferases enzymes throughout its pathway [53]. Therefore, the negative impact of AVG
on the endogenous level of IAA in leaves at one DAA, also inferred by functional enrichment
and HORMONOMETER analyses, is not surprising (Fig. 9c). The AVG dosage used in this
study might have elicited a mild AVG response in IAA pathway because its level returned to
those observed in the mock treatment at five DAA. Moreover, AVG induced the production of
JA in leaves while its level in upper internode seems to decline at one DAA (Fig. 9e).
53
Fig. 9. Hormone concentration (ng g−1 of dry weight) in leaves and upper internodes (UI) of sugarcane
plants treated with ethephon, mock (water), and AVG at one and five days after chemical application
(consecutive bars, respectively). (a) Abscisic acid (ABA). (b) Salicylic acid (SA). (c) Auxin (IAA). (d)
Gibberellin isoform 4 (GA). (e) Jasmonic acid (JA). (f) Cytokinin, trans-zeatin (CK). Each bar represents
the average of four replicates (individual plants), including the standard error of the mean (SEM).
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2.4.6 Ethylene and other hormone response validation
The effect of ethylene at the molecular level was confirmed using hormone marker genes
identified previously [26–28] (Table S2). The presence of those marker genes confirms
ethylene as a modulator of its own biosynthesis, perception, and signal transduction, as well as
of other hormone pathways. The ethylene marker genes were mainly responsive to ethephon in
upper internode, showing similar expression pattern as reported for Arabidopsis [54, 55],
rice [56], Brachypodium distachyon [57], litchi [58], potato [59], and rubber tree [60] upon
ethylene gas, ACC, or ethephon exposure. The expression of eight selected
ethylene-responsive genes was verified by qPCR in upper internode samples (Fig. 10). Those
genes were involved in (i) ethylene biosynthesis: ACO5 (ACC OXIDASE5, CA116504.1); (ii)
perception: ETR2 (ETHYLENE RECEPTOR2, CA131347.1), ERS1 (ETHYLENE
RESPONSE SENSOR1, CA111353.1), and EIN4 (ETHYLENE INSENSITIVE4,
CA133417.1); and (iii) signal transduction: EIN2 (ETHYLENE INSENSITIVE2,
CA095200.1), EIL3 (ETHYLENE INSENSITIVE3-LIKE3, CA190765.1), ERF1
(ETHYLENE RESPONSIVE TRANSCRIPTION FACTOR1, CA101597.1), including a
putative ERF lacking orthology with Arabidopsis (CA103790.1). The ethylene biosynthetic
and receptor genes were induced by ethephon at both time points (Fig. 10a-d), while ethylene
signal transduction genes were upregulated at one DAA and downregulated at five DAA (Fig.
10f-h), suggesting a feedback inhibition to fine-tune ethylene response downstream. It is clear
that AVG counteracted the effect of ethephon on those genes, showing an opposite expression
pattern at one DAA.
A Bayesian network strategy was used to model the relationship among 60 selected
hormone-related genes (Fig. 11, Table S3), composed mostly by marker genes in their
respective pathways. Chemical treatments (ethephon and AVG) and plant tissues (leaf and
upper internode) were added to the analysis as nodes. The resulting model identified 40 genes
linked positively or negatively to the factors analysed, with 12 of them best predicting the
ethephon treatment (positive correlation): ACO5, ETR2, EIN4, and SCERF2 (putative ERF,
CA101530.1), as well as genes involved in IAA (ARF6, AUXIN RESPONSE FACTOR6,
CA093470.1; CHS, CHALCONE SYNTHASE, CA108707.1; a putative AUX/IAA
transcriptional regulator, CA086325.1; GH3-1 and GH3-2, INDOLE-3-ACETIC
ACID-AMIDO SYNTHETASE, CA093260.1 and CA141013.1), ABA (SWEET4,
bidirectional sugar transporter, CA112384.1), and GA pathways (KAO2, ENT-KAURENOIC
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ACID OXIDASE2, CA264769.1; and GA2OX1, GIBBERELLIN 2-BETA-DIOXYGENASE1,
CA212926.1). Those genes can be used as biomarkers of ethephon treatment in sugarcane.
The number of genes correlated specifically with ethephon was higher than that linked to AVG
(Fig. 11). Similarly, leaves showed more correlated genes than upper internodes. Interestingly,
genes in the ethylene pathway showed a negative correlation (ACO5, SCERF2, ERS1, and
ERF7, ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR7, CA081218.1) and two
genes in the SA pathway have positive correlation (NPR1, NONEXPRESSER OF PR
GENES1, CA164927.1; and TGA4, SCSBHR1056B08.g) with leaves.
2.4.7 Site of ethylene action: the internode is ready to respond
The ethylene biosynthetic pathway is accomplished in mainly two rate-limiting steps
coordinated by ACS (converts SAM, S-adenosylmethionine, to ACC) and ACO (converts ACC
to ethylene) [61]. Genes encoding both enzymes belong to multigene families, whose
transcription exhibit temporal-spatial pattern depending on external and internal stimuli [61].
The transcriptional regulation of ACS and ACO influences ethylene emission [61], particularly
the increase in ACO expression accompanied by protein accumulation or high enzyme activity
is a strong indicator of auto-regulation of ethylene production within a tissue [61, 62]. Several
transcriptome studies reported the induction of ACO upon ethylene
exposure [27, 28, 30, 54, 55, 58]. In our study, ACO5 was the uppermost induced gene among
ethephon-treated upper internode samples (Table S1). The strong and sustained induction of
ACO5 (40-fold change on average) might indicate an endogenous production of ethylene
within this tissue (Table S2). Although another ACO gene (CA121481.1) was weakly induced
in AVG-treated upper internode, different paralogues might have different roles in
auto-regulating ethylene biosynthesis [62] (Table S2). ACO5 was also detected in leaf samples,
showing similar expression pattern in response to ethephon and AVG, as well as ACO that was
downregulated upon AVG treatment (Table S2).
The hormone perception or sensitivity within a tissue is as important as its level in the
site of action. The ability to monitor ethylene oscillations depends on the presence of receptors
bound to the membrane of the endoplasmic reticulum or the Golgi apparatus, which act
potentially as negative regulators of the downstream signalling pathway depending on the
genetic background [63]. We identified three putative ethylene receptor genes: ETR2, ERS1,
and EIN4 being upregulated upon ethephon stimulus in the upper internode, but only ETR2
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was highly induced in both time-points (Fig. 10b-d). The newly synthesized receptors seem to
restore ethylene receptor activity, preparing the plants for future hormone boom and/or
switching off the signal transmission downstream, and providing an efficient mechanism for
system homeostasis [54, 58, 63]. Interestingly, the over-expression of ETR2 was reported to
promote flowering delay and carbohydrate accumulation within rice internodes [64], which is
similar to the physiological changes reported for ethephon application in sugarcane [7, 9].
Fig. 10. Relative expression of ethylene marker genes in the upper internode of sugarcane plants exposed
to ethephon and AVG in relation to mock treatment at one and five days after chemical application
(subsequent bars) evaluated by quantitative real-time PCR (qPCR) analysis, using a polyubiquitin gene as
reference. Each bar represents the average of three replicates (individual plants), including the standard
error of the mean (SEM). The alias was based on orthology to Arabidopsis. NCBI (National Center for
Biotechnology Information) accessions are shown at the bottom of each graph.
The binding of ethylene to receptors deactivates CTR1, allowing EIN2 to be proteolytic
cleaved and free to enter the nucleus to modulate the expression of EIN3/EIL (ETHYLENE
INSENSITIVE 3/ETHYLENE INSENSITIVE 3-LIKE) [65]. EIN3/EIL activates the so-called
ethylene primary response composed of AP2/EREBP and bHLH transcription factors families
members [28, 65], which were found significantly enriched in our data (Table S4). Besides the
role as central and master regulators of the ethylene signalling pathway, EIN2 and EIN3/EIL
integrate other hormone pathways (e.g. IAA, CK and ABA) [65], triggering the hormonal
crosstalk commonly observed upon ethylene stimulus [28]. EIN2 was downregulated, which
was also reported for Arabidopsis [27], while EIL3 was upregulated by ethephon in this study
(Fig. 10e,f).
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Fig. 11. Bayesian network based on the relationship among 60 selected hormone-related genes found to
be differentially expressed in the microarray analysis, chemical treatments (ethephon and AVG) and plant
tissues (leaf and upper internode). NCBI accession is shown for each transcript, with the exception of
TGA4 identified by the Sugarcane Assembled Sequence (SUCEST). It was assumed that gene expression
is dependent on the conditions (chemical and tissue), but not the opposite. The type of interactions
indicates positive (red) or negative (black) correlation.
The expression pattern of AP2/EREBP family genes varied between ethephon and AVG
(Table S2). In upper internode samples, ERF1 (CA101597.1) and ERF7 (CA193884.1)
showed opposite expression patterns between ethephon and AVG. Whereas, another ERF7
homologue (CA125040.1) and a putative ERF (CA130796.1) were similarly downregulated by
both chemicals. Ethephon induced the expression of other three putative ERFs (CA103790.1,
CA124242.1, and CA101530.1). Among them, CA101530.1 was induced at both time points
in ethephon-treated upper internode (3-fold change on average). AVG also affected the
expression of ERFs in the upper internode: inducing (CA081218.1 and CA117046.1) or
repressing them (CA117074.1 and CA127856.1). Differently, the majority of ERFs showed a
similar expression pattern between ethephon and AVG in leaf samples (CA101597.1,
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CA081218.1, CA193884.1, and CA064867.1), with the exception of RAP2-2 (CA117074.1)
and ERF073 (CA218955.1).
The synergism between ethylene and JA occurs at the transcriptional level with JAZ
(JASMONATE ZIM-DOMAIN PROTEIN) inhibiting EIN3/EIL1 [28, 66]. However, when
JAZ transcription is repressed, EIN3/EIL1 stability increases upon ethylene stimulus [66]. In
the nucleus, the co-receptors, COI1 (CORONATINE-INSENSITIVE PROTEIN1) and the
transcriptional repressor JAZ perceive JA conjugates (JA-Ile), targeting JAZ for 26S
proteasome-dependent degradation and releasing downstream JA responsive genes [66]. The
upregulation of COI1 (CA117868.1) and the downregulation of JAZ1 (CA155710.1) in
ethephon-treated upper internode indicate a promotion in ethylene and JA responses
simultaneously. Transcription factors mutually modulated by ethylene and JA were found
within our data (Table S1 and S2). A confirmed example in sugarcane is SCERF2
(CA101530.1): induced by ethylene (applied as ethephon) and JA alone (10-fold increase) or
in combination (20-fold increase) [67]. Other potential transcripts with the dual regulation are
ERF1 (CA101597.1) and ICE1 (INDUCER OF CBF EXPRESSION1, CA121236.1). The
putative high endogenous JA level in the upper internode (Fig. 9e) might also contribute to a
strong ethylene response in the upper internode due to the synergy between them.
The ethephon absorption probably occurs in large quantities in leaves, target of the
chemical spray, where the cytosolic pH favours the hydrolysis of ethephon into ethylene (gas)
and phosphoric acid [68]. The ability of ethephon eliciting ethylene-related responses is
controversial because of its non-controllable or quantifiable hydrolysis [51]. However, the
presence of ethylene marker genes, including the strong induction of ACO5, receptor genes,
and downstream elements of the signalling pathway, upon ethephon spraying exclusively
assigned to the upper internode, indicates not only that an ethylene-driven response occurred,
but also that this tissue is prone to respond to the hormone. Therefore, the transport of ethylene
precursor (ACC), ethylene diffusion from leaves or even a small absorption of ethephon within
upper internode (presence of wax and lignified/suberized cell walls might represent obstacles)
may account for the ethylene response in sugarcane culms. A hierarchical clustering
performed with ethylene-related gene set clearly distinguished ethephon and its antagonist
(AVG) only in the upper internode, the site of ethylene action (Fig. S1).
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2.4.8 Ethephon induced defence response in leaves
The defence response in plants is regulated by the interplay of ethylene, JA, and SA [69].
Ethylene and JA act synergistically, while the relationship between JA and SA is often
antagonist [69]. However, the fine-tune between the level of hormones and the time of pathway
activation is imperative to define which response will be elicited. When the activation of SA
signalling pathway occurs concomitantly or before ethylene and JA, the SA response
suppresses ethylene/JA signalling components [69]. Firstly, we observed a high level of SA in
ethephon-treated leaves at one DAA, not accompanied by an increase in JA level (Fig. 9b,e).
Secondly, marker genes of SA-mediated suppression of JA/ethylene pathway were DE, such
as: (i) strong upregulation of NPR1, a master redox sensor and major activator of SA
signalling [70]; (ii) downregulation of genes involved in ethylene/JA-mediated defence, such
as a PDF (PLANT DEFENSIN, CA263445.1), VSP2 (VEGETATIVE STORAGE PROTEIN2,
SCACSD2018E08.g), and potentially CESA3 (CELLULOSE SYNTHASE A CATALYTIC
SUBUNIT3, CA071184.1); and (iii) reduction in the level of induction of PR4s
(PATHOGENESIS-RELATED4, CA100660.1 and CA096336.1) [69, 70]. The expression of
those genes was confirmed by qPCR (Fig. 12a-f) and only CESA3 showed a divergent pattern
between microarray and qPCR approaches (Fig. 12c, Table S2).
The production of reactive oxygen species (ROS), mediated by NADPH oxidases and
extracellular peroxidases, occurs before the activation of SA pathway [70]. NPR1 requires cell
redox alterations to enter the nucleus and activate TGA transcription factors and, consequently,
other SA-responsive genes [71]. The activity of superoxide dismutase (SOD), a ROS
scavenging enzyme, and the ROS-induced cell damage (inferred by lipid peroxidation through
malondialdehyde content) were evaluated in leaf samples treated with ethephon (Fig. 12g). We
observed a slight increase in SOD activity in plants exposed to ethephon, when lipid
peroxidation seems to be higher than that of mock-treated plants. Coherently, we also
identified two NADPH oxidases (RBOHB, CA136046.1 and CA132485.1) and two
peroxidases (PER12, CA104574.1; and PER52, CA109102.1) induced in ethephon-treated
leaves at one DAA (Table S1). Hence, we speculate that ethephon acting as a stressor or
eliciting stressor signals during its decomposition, when acidification may occur, alters the cell
redox state with the generation of ROS, which possibly explains the SA burst. Besides, we
hypothesized that the prioritization of SA over ethylene/JA response can explain the
differential activation of ethylene pathway in leaves and upper internodes after ethephon
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spraying.
Fig. 12. Defence or stress indicators. (a-f) Relative expression of salicylic acid-mediated suppression
of ethylene/jasmonic acid response marker genes in leaves of sugarcane plants exposed to ethephon and
AVG in relation to mock treatment at one and five days after chemical application (subsequent bars)
evaluated by quantitative real-time PCR (qPCR) analysis, using a polyubiquitin gene as reference. Each
bar represents the average of three replicates (individual plants), including the standard error of the mean
(SEM). The alias was based on orthology to Arabidopsis. NCBI (National Center for Biotechnology
Information) accessions are shown at the bottom of each graph. (g) Superoxide dismutase (SOD) activity
(units mg−1 fresh weight min−1) and malondialdehyde (MDA) content (nmol g−1 fresh weight) in
ethephon and mock-treated leaves evaluated in tissues harvested at five days after chemical spray. Each
bar represents the average of six replicates (individual plants), including the SEM.
2.4.9 Growth restrain mediated by auxin and gibberellin deactivation
In this study, no significant differences were observed in IAA content between ethephon
and mock treatment (Fig. 9c), although a strong induction of GH3-1 and GH3-2 (19-fold
change on average) in leaves and upper internodes treated with ethephon is an indication that
the conjugation of IAA was turned on, without visible effects in the time frame evaluated
(Table S2). In fact, a decrease in IAA content during sugarcane ripening and senescence has
been described [72, 73]. GH3 and IAGLU (UDP-GLUCOSE:INDOLE-3-ACETATE
BETA-D-GLUCOSYLTRANSFERASE) mediate the conjugation of IAA with either amino
acids or sugars (UDP-glucose), respectively [74]. Those conjugates control IAA homeostasis
through turnover (IAA-Aspartate conjugates) or storing, thereby hampering the hormone
action [74]. The low free IAA pool commonly observed during climacteric and nonclimacteric
fruit ripening is associated with an increase in IAA conjugates, stimulated by ethylene [75].
Interestingly, GH3 promoted a dwarf phenotype through the control of IAA level in
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Arabidopsis mutants and rice plants over-expressing GH3 [76, 77]. Likewise, the AVG
response in leaves seems to be coherent with its inhibitory role on IAA biosynthesis, inferred
by a low IAA content (Fig. 9c) and the repression of GH3-1, GH3-2 and AUXIN EFFLUX
CARRIERS (e.i., SCCCAM2004G02.g, CA108976.1, and CA188655.1), including the
differential regulation of the majority of AUX/IAA (auxin-response repressors) identified in this
study (e.i., CA093383.1, CA151389.1, CA116567.1, CA102016.1, CA127515.1,
CA139092.1) (Table S2).
The low GA4 levels detected in culms at the maturation stage (Fig. 9d) was similar as
reported by Vasantha et al. (2012) [72]. The ethephon treatment strongly induced the
transcription of KAO2, an enzyme that catalyzes the conversion of ent-kaurenoic acid (KA) to
gibberellin (GA12), precursor of all GA isoforms [78], as well as GA2OX1, which participates
in the major route of bioactive GA deactivation (GA1 and GA4 isoforms), in leaves and upper
internodes at one and five DAA. The GA homeostasis is also regulated by DELLA, a potential
integrator of ethylene, JA, ABA, GA, IAA, and brassinosteroid pathways [79, 80]. Ethylene
increases the stability of DELLA even in the presence of GA [79]. Among our data, we found
an orthologue of GAI (GA INSENSITIVE, CA150591.1), one of the DELLA proteins, being
slightly induced in the upper internode (Table S2). Additionally, GASA14 (CA150416.1),
responsible for cell elongation and control of ROS accumulation in the presence of GA [81],
was downregulated in the upper internode (Table S2).
IAA and GA are growth-promoting hormones that interfere with sugarcane internode
development [82]. High IAA and GA levels concomitantly postpone the senescence process,
counteracting the activity of ABA in the apical culm tissue [82]. Therefore, a potential
deactivation of IAA (mediated by GH3) and GA (mediated by GA2OX1 and GAI), might lead
to shoot growth inhibition and, consequently, affect the timing of sucrose accumulation.
Additionally, ethylene stimulates the break of apical dominance (Fig. 13), mainly mediated by
IAA inhibition, and flowering delay, through a negative interaction with GA. Those
physiological processes are commonly observed in sugarcane upon ethephon spraying [7, 9].
2.4.10 Ethylene and ABA as ripening signals
The induction of DXS (1-DEOXY-D-XYLULOSE 5-PHOSPHATE SYNTHASE,
CA192045.1) and NCED9 (9-CIS-EPOXYCAROTENOID DIOXYGENASE9, CA155947.1)
in sugarcane culm upon ethephon spraying is a potential indicator of ABA
62
accumulation [83, 84] (Table S2). Both enzymes participate in key rate-limiting steps in their
respective pathways: DXS is the first enzyme in the methylerythritol phosphate (MEP)
pathway, responsible for the production of carotenoids’ 5-carbon precursors (isopentenyl
diphosphate, IPP), catalyzing the conjugation of pyruvate and glyceraldehyde-3-phosphate
into 1-deoxy-D-xylulose-5-phosphate [85]; and NCED has a pivotal role in ABA biosynthesis,
breaking down carotenoids (9’-cis-xanthophylls) to xanthoxin (first ABA biosynthesis
intermediate) [84]. Another player in the ABA homeostasis identified as upregulated in this
study was CYP707A1 (ABSCISIC ACID 8’-HYDROXYLASE1, CA162714.1), involved in
ABA catabolism [84]. Both genes NCED9 and CYP707A1 are known to be transcriptionally
activated by ABA [86].
Fig. 13. The break of apical dominance was observed in ethephon-treated plants that remained in the
concrete tanks after 32 DAA in this study. The culm shown in the figure was selected as an example.
Cytosolic ABA receptor orthologues (PYL9, PYRABACTIN RESISTANCE 1-LIKE 9,
CA155779.1 and CA096711.1), known to interact with negative regulators of ABA
signalling [87], were differentially regulated upon ethephon treatment (Table S2). When ABA
binds to the receptor complex, the phosphatase activity of protein phosphatase 2C (PP2C) is
inhibited, resulting in the activation of ABA response [87]. CHLH
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(MAGNESIUM-CHELATASE SUBUNIT H, CA067637.1, CA103112.1, CA209026.1) is
another potential modulator or transducer of ABA signalling [87], upregulated in our data
(Table S2).
Ethylene and ABA interplay modulates the carbon status and, consequently, interferes
with photosynthesis and plant growth processes [52]. Besides, those hormones function as
ripening factors at the onset of ripening in climacteric and nonclimacteric fruit species, showing
non-overlapping peaks, while ethylene biosynthetic genes is induced by ABA and vice-versa
[83, 88, 89]. Although ABA accumulation in ethephon-treated upper internodes showed a high
variation among biological replicates (16-121 ng g−1, Fig. 9a), it is possible that both hormones,
ethylene and ABA, function as ripening factors in sugarcane, as well. The ethylene-induced
response may stimulate the biosynthesis of ABA, modulating the sucrose accumulation within
internodes.
2.4.11 Concluding remarks
In this study, we provided the first combined ethylene-driven transcriptome and hormone
profiling analyses in sugarcane plants at the maturation stage, increasing our general
understanding of the ripening process. We showed evidence that a burst in SA level in leaves
might have favoured the SA-dependent defence response with the induction of NPR1. Markers
of SA-mediated suppression of ethylene/JA pathway (e.g., PDF, VSP2, and CESA3) were
downregulated, which may explain the weak ethylene response in leaves and the lack of
differences between ethephon and AVG on ethylene-related genes. On the contrary, upper
internodes were prone to respond to ethylene: strong induction of biosynthetic and receptor
genes indicates a fine-tune of ethylene response, while downstream components (ERFs)
activate the hormone response. The influence of ethylene on IAA and GA deactivation through
induction of GH3, GA2OX1, and GAI might affect internode elongation, while sucrose
accumulation could be modulated by ethylene and ABA, as ripening factors. Moreover, the
novel ethylene biomarkers (i.e., ACO5, ETR2, EIN4, SCERF2, ARF6, CHS, a putative
AUX/IAA, GH3-1, GH3-2, SWEET4, KAO2, and GA2OX1) identified here can be used to
monitor ethylene response in sugarcane in future studies. We devised a hormonal crosstalk
model based on our major findings that can provide new directions for novel investigations
(Fig. 14).
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Fig. 14. Model of potential crosstalk between ethylene and other hormones upon ethephon spraying in
sugarcane plants at the onset of ripening. The ethephon decomposition releases ethylene and phosphoric
acid, which may acidify leaf cells. This stress signal might induce NADPH oxidases and peroxidases
that stimulate the production of reactive oxygen species (ROS) and, consequently, increase salicylic acid
(SA) levels, leading to SA response stimulus over ethylene/jasmonic acid (JA). The ethylene in upper
internodes promotes its autocatalytic biosynthesis and transcription of downstream ethylene signalling
elements. JA may act synergistically with ethylene, amplifying its response in upper internodes. The
synergism between ethylene and abscisic acid (ABA) is also proposed as ethylene seems to promote
the expression of ABA biosynthetic genes. Ethylene and ABA may account for sucrose accumulation
as ripening signals. The deactivation of gibberellin (GA) and auxin (IAA) through degradation or
conjugation might also be induced by ethylene, restraining internode elongation. The genes (italic letters)
shown here are placed hierarchically in their respective pathways. Upregulated genes are indicated in red
and downregulated genes in blue. The relationship between components include induction (arrow heads)
and repression (blocked arrows).
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3.1 Abstract
The hormone ethylene is used as a sugarcane ripener, affecting internode growth and
sucrose storage. However the molecular basis of ethylene action under field conditions has
never been investigated. We selected two ripener-responsive sugarcane cultivars that contrast
for season maturing (early and mid-late) to which ethephon was sprayed at the maturation
stage following standard practices of commercial mills. Ethephon was able to boost ethylene
emission levels in leaves and culms and to elicite expected phenotypical responses, including
production of shorter internodes at the culm apex, which probably shifts energy allocation to
sucrose accumulation with an impact on sucrose yield. Ethephon-treated cultivars had on
average 7.6 Kg sugar t−1 cane and 1% Pol increase when compared to mock treatment at
harvest (65 days after chemical spraying). We selected younger fully expanded leaves and
upper internodes to conduct a comprehensive transcriptome survey in three time points after
chemical application, generating 72 mRNA libraries sequenced by HiSeq 2500 Illumina
platform. Among 4,843 differentially expressed transcripts identified in all comparisons,
approximately 13.8% was involved in at least one hormone pathway in leaves or internodes,
suggesting that the hormonal balance changes upon ethylene stimuli. The majority of
hormone-related genes was induced in internodes, especially those in ethylene, abscisic acid
(ABA), and brassinosteroid (BR) pathways. This data corroborates the findings from our
previous experiment conducted under greenhouse condition. ABA functions as a ripening
signal and potentially modulates sucrose response. While BR, auxin, and gibberellin have
major roles in internode growth and development. Our results advanced our understanding of
sugarcane ripening through a hormonal perspective, including the provision of a valuable set
of ethylene responsive genes with potential roles in sucrose accumulation, internode growth,
and stress tolerance that should be further investigated.
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3.2 Introduction
Sugarcane – a strictly tropical, perennial, polyploid and vegetatively propagated grass –
is the most efficient solar energy converter and biomass productive crop. Its importance comes
from the wide range of applications, from human diet to renewable energy, including the use of
by-products (e.g., bagasse, molasse, wax, aconitic acid, and sterols), as well as the enormous
impact on market economy and socio-economic condition of developing and underdeveloped
countries that stand as major sugarcane producers (i.e., Brazil, India, China, Thailand,
Pakistan) [1]. Sugarcane is responsible for more than 70% of the world sugar production, with
a higher yield per area unit when compared to other sugar sources, such as sugar beet, sweet
sorghum, maize, maple tree or oil palm kernel [1]. Interestingly, sugar storage in the culm is
unique to sugarcane (up to 27% fresh weight) and was acquired through natural selection and
hybridizations of the Saccharum complex (including Saccharum spp. and other closely related
genera) in which the ability to rapidly (re)mobilize sucrose conferred an evolutionary
advantage for survival [2]. Since the production of the first nobilized interspecific hybrids in
early 1920’s, the improvement of sucrose content has been the major goal of sugarcane
breeding programs worldwide [3].
Although conventional breeding may be leading to a physiological barrier for sucrose
accumulation gains (yield ceiling), a broad understanding of the interference of external
(climatic conditions) and internal (plant physiology) variables is necessary for future
breakthroughs in the sugarcane-based industry, especially with impinging global climate
challenges [3, 4]. Scientific hypotheses on the regulation of sucrose storage focus on genotype,
crop age, environmental factors, nutritional status, or sucrose metabolizing enzymes, but a
system-approach with transcriptome, proteome or metabolome data is missing [3].
Transcriptome analysis comparing internodes with different levels of maturity [5, 6], leaves or
internodes of high and low sucrose-storing genotypes [7, 8], or genotypes with different lignin
content [9, 10] started to depict the regulation of this process at the molecular level. However,
the plasticity in which sugarcane ripe, including the complex source-sink relationship,
affecting sugar assimilation and partitioning, and the interplay among hormones, sugars, and
environmental cues, represents an obstacle [11].
Among the classical hormones, ethylene affects a variety of agronomically important
processes in sugarcane, such as growth and development [12, 13], sucrose
accumulation [13–15], leaf abscission [16], defense response [17], association with
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nitrogen-fixing bacteria [18], and abiotic stress tolerance [19,20]. Particularly, the involvement
of ethylene on sucrose accumulation within internodes has been well documented, as ethephon
(2-chloroethylphosphonic acid), an ethylene-releasing agent, is a ripener applied to
commercial fields to promote sugar yield, flowering inhibition, and/or facilitate harvest
management [21]. Recently, our research group investigated how ethylene affects sucrose
accumulation in greenhouse-grown sugarcane [14, 19]. Exogenous ethylene application
elicited a myriad of hormonal crosstalk at the transcription level, triggering a potential abscisic
acid (ABA) accumulation peak and deactivation of auxin (IAA) and gibberellin (GA), which
may have altered the balance between internode growth and sucrose storage [14, 15]. Those
results clearly evidence the role ethylene as an internal regulator of internode ripening in
sugarcane.
Besides the efforts, the molecular mechanisms underlying the regulation of sucrose
accumulation in sugarcane remains largely unknown. In order to broaden the number of genes
identified as ethylene-modulated, a transcriptome survey was conducted in leaves and
immature internodes of sugarcane plants sprayed with ethephon or mock (water) under field
condition at the maturation stage. Two contrasting sugarcane cultivars for phenological cycle
(early and mid-late season maturing) and three different time points, compose 72 mRNA
libraries sequenced using HiSeq2000 Illumina platform. Both cultivars were able to respond to
ethephon, showing growth restrain of upper internodes and higher sucrose yield. Among the
4,843 differentially expressed transcripts identified in this study, we focused our attention on a
set of indicator genes of ethylene crosstalk with other hormones and sugar signalling pathway,
especially in the abscissic acid (ABA), brassinosteroid (BR), auxin (IAA), and gibberellin
(GA) pathways. Our results advanced our understanding on the hormonal-basis of sugarcane
ripening, including the provision of a valuable set of ethylene-responsive genes in sugarcane
that should be further explored for biotechnological purposes.
3.3 Material and methods
3.3.1 Experimental design 1: ethylene emission
The experiment was conducted in a sugarcane field at Campinas, Brazil (22◦53’S,
47◦05’W). The region is characterized by a dystrophic red latosol (oxisol) and a subtropical
climate (Cwa/Cfa, Ko¨eppen classification). Cultural practices performed in the area followed
the soil test, according to Rosseto et al. (2008) [22]. The sugarcane cultivar RB867515 was
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planted using culm segments settled at 30 cm in depth, with approximately 15 buds per linear
m. After completing the plant-cane cycle (approximately one year and a half), the area was
harvested yearly. The experiment started in the fourth-year ratoon cycle. The meteorological
data recorded during experimentation by CEPAGRI (Centro de Pesquisas Meteorolo´gicas e
Clima´ticas Aplicadas a` Agricultura) [23] showed an average air temperature ranging from
12.6◦C to 25.6◦C and a total precipitation of 305 mm.
We randomly selected 72 sugarcane plants from different stools in the experimental site
and divided them in three groups. Chemicals were sprayed in two different periods of the
growing season (nine and 12-month-old plants), including (i) two dosages of ethephon (Ethrel
240, Bayer CropScience, Charleston, U.S.A.), 480 mg L−1 (high dose) or 240 mg L−1 (low
dose); and (ii) mock treatment (water). The spray mixtures were prepared with distilled water
added with 0.05% v/v surfactant (Break-thru S240, Evonik Corporation, Richmond, U. S. A.) to
improve chemical absorption. The products were applied with a spray boom with three hollow
cone nozzles (TP8002VK, maximum nominal pressure of 20 bar, TeeJet, Springfield, U. S.
A.) coupled with an electrical backpack sprayer (model 16 L Jett, Sanmaq, Braganc¸a Paulista,
Brazil) at the maximum flow rate (0.8 L min−1) at the midday. Each plant was soaked for one
min with approximately 830 mL of each spray mixture.
Ethylene emission rate was recorded at one, two and five days after product application
(DAA), using 18 individual plants per time point: three individual plants for leaf (replaced
by other three plant in each subsequent time points) and three individual plants for culm (the
same plants were evaluated in all time points). Leaves +2 to +4 were selected due to better
malleability and positioning inside the chamber. Internodes of the upper third of the culm (here
referred as upper internode) were selected to be incubated in the chamber (between internodes
+2 and +4). Leaf and internode classification followed the Kuijper system: the first leaf with
a visible dewlap is called +1, older leaves are counted downward, while internodes receive
the same identification as the leaf attached to them [24]. The tissues were enclosed in airtight
chambers for 60 min at the midday.
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3.3.2 Sealed chambers and ethylene emission rate
Sealed chambers to evaluate ethylene emission rate of leaves and culms were designed in
conjunction with Cristal Acrı´licos Come´rcio de Paine´is Ltda. (Campinas, Brazil). Schematic
models and usage description are shown in Figs. 1-4. We withdraw an aliquot of 10 mL of the
internal atmosphere of the chambers using a 10-mL gas-tight syringe (SGE Analytical Science,
Ringwood, Australia). The air within the syringe was forced into a 32-mL borosilicate-glass
bottle with a septum tan PTFE/silicone (Supelco, Sigma-Aldrich, St. Louis, U. S. A.) filled with
saturated salt water with a needle inserted to allow replacement. Three technical replicates (1
mL headspace) was injected in a gas chromatograph system (HP-6890, Agilent Technologies,
Santa Clara, U. S. A.) equipped with a flame ionization detector (FID). The HP-PLOT Q column
had 30 m in length and ID of 0.53 mm (Agilent Technologies, Santa Clara, U. S. A.). The
temperature of injector and detector was 200◦C, with an isothermal program running at 30◦C.
The flux of helium carrier gas was 1 mL min−1. The injections followed a pulsed splitless mode
(20 psi for 2 min). Synthetic ethylene standard (Air Liquid, Sa˜o Paulo, Brazil) was used for the
calibration curve. The ethylene emission rate was expressed as pL ethylene g−1 fresh weight
h−1.
Fig. 1. Schematic model (with dimensions) of the designed sealed chamber for sugarcane leaves. The
leaf chamber has a square shape, with 5 cm in length, 5 cm in width, and 2.5 cm in height. The chamber
was divided in half to right position the leaf, thereafter, being fixed by a nut and a bolt in each corner.
The area where the leaf touches the acrylic was protected by a sponge rubber seal strip (neoprene). A
septum was added in the center of the top part of the chamber, allowing the internal atmosphere to be
withdraw with a gas-tight syringe.
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Fig. 2. Sealed chamber for sugarcane leaves in the field. The leaf chamber was supported by a bamboo
stake 4 m above the ground in order to avoid leaf damage or significant changes in foliar architecture.
Fig. 3. Schematic model (with dimensions) of the designed sealed chamber for sugarcane culm. The
culm chamber has a rectangular shape with 5 cm in length, 5 cm in width, 15 cm in height, and a 3
cm-diameter role in the center of the square sections. The division of the rectangle in half allowed the
right position of the culm without compromising the sealing. All the borders were protected by a sponge
rubber seal strip, promoting a hermetic closing for the chamber, and avoiding plant tissue damage. The
closure was done with nuts and bolts in the top and bottom edges of the chamber. A septum was located
in the upper part of the chamber.
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Fig. 4. Sealed chamber for sugarcane culm in the field. The differences within individual plants’
morphology required the use of liquid silicon rubber for proper sealing in the area of contact between the
chamber and the culm.
3.3.3 Experimental design 2: agronomical and molecular data
The experiment was installed on November 2012 at a commercial farm at Igarac¸u do
Tieteˆ, Brazil (22◦31’S, 48◦32’O). The site has a subtropical climate (Cwa, Ko¨eppen
classification) with a dystrophic red latosol (oxisol). Each experimental plot consisted of eight
14 m-in length lines, with alternate spacing (0.9 and 1.5 m) for mechanical harvest. The culm
segments were set at 25 cm in depth and planting was carried out with approximately 15 buds
per linear m. The area of the experiment was surrounded by 2 m of sugarcane cultivar CTC6.
The plant-cane was harvested on October 2013 and the experiment started when the first
ratoon was seven month old (Fig. 5). Cultural practices performed in the area include soil
conditioning and fertilization (50 kg ha−1 potassium chloride in grains 60% K, 1.14 t ha−1 80
PRNT dolomitic lime, 594 kg ha−1 GRAN 10-25-25 fertilizer ZN), agrochemicals (144 g ha−1
herbicide SEMPRA 750 g kg−1), and biological control (Cotesia flavipes and Metarhizium
anisopliae). Meteorological data recorded from a station at the experimental site was recorded.
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Fig. 5. Experimental field after plant-cane harvest (November 2013) and in the beginning of
experimentation (May 2014).
The experimental design was a randomized complete block (RCB) with six replicates.
Each plot was divided in subplots (split plot) in which repeated measurements were conducted
over a time series. Two contrasting sugarcane cultivars, RB867515 (mid-late season maturing)
and RB966928 (early season maturing) were sprayed with: (i) ethephon (Ethrel 240, Bayer
CropScience, Charleston, U.S.A.), 56.85 mg active ingredient m−2 or 16.6 mL L−1 spray
mixture, or (ii) mock (water, control). We also add to spray mixtures 0.05% v/v surfactant
(Break-thru S240, Evonik Corporation, Richmond, U. S. A.). The application was performed
using a custom made CO2 pressurized (1.5 bar) backpack sprayer (Herbicat Ltda., Catanduva,
Brazil) that delivered 79 L ha−1 coupled with a spray boom with three XR110015 nozzles
(TeeJet Technologies, Springfield, U. S. A.) spaced 80 cm apart, with an angle of 45◦, and set 4
m above the ground (Fig. 6.
Fig. 6. Chemical application using a spray boom coupled with a CO2 cylinder and T-bar designed for
our experimental conditions.
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3.3.4 Description of agronomical variables
We evaluated ripening-related traits used for harvesting management decision in
commercial sugarcane mills, including (i) sucrose in the juice (Pol %) measured by a
polarimeter; (ii) reducing sugars in the juice (%/w juice), percentage of fructose and glucose
per juice weight; (iii) juice purity (%), percentage of sucrose among the total solids content in
the juice; (iv) cane moisture (%), percentage of water content in the culm; and (v) Total Sugar
Recoverable (Kg sugar t−1 cane), total recoverable sugar content after several washes, which
represents the efficiency of sucrose extraction at the mill. Canes were processed and the
parameters estimated according to the Sucrose Content-Based Sugarcane Payment
System [25, 26] at a laboratory of the Production Unit of Barra Bonita (Raı´zen Energia S/A,
Barra Bonita, Brazil). The total leaf area was estimated by Hermann and Caˆmara (1999) [27]
equation based on leaf +3 measurements (length and width, cm) and total number of green
leaves (leaves with more than 20% of green lamina). The upper internode volume was
estimated by the sum of individual cylindrical volumes of internodes +1 to +5, using diameter
(measured by a digital calliper, cm) and length (distance between consecutive leaf scars
measured using a ruler, cm). Data were recorded in intervals of approximately 15 DAA in ten
canes (culms from different stools with green leaves attached) from each experimental plot.
3.3.5 Statistical analysis
One-way (chemical) or two-way ANOVA (chemical versus DAA interaction or
chemical+cultivar versus DAA) were performed. When the interaction was declared
significant (p-value ≤ 0.05), a Duncan test (p-value ≤ 0.05) was used to compare means. The
analyses were performed using R packages: nlme (normality test in residues), jtrans (data
transformation when necessary), ExpDes.pt (ANOVA), Agricolae (mean and standard
deviation), and corrplot (correlation).
3.3.6 RNA isolation and RNA-Seq library preparation
We selected six random individual plants per experimental block from which we
sampled the leaf +1 and the pith (mainly storage parenchyma cells) of the internode +1. Plant
sampling was performed at one, two, and five DAA, always at the midday. After harvest,
selected tissues were immediately frozen in liquid nitrogen and maintained at −80◦C for
further molecular analysis. Frozen tissues from six individual plants was grinded together
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using a pre-cooled mortar and pestle (leaves) or an electrical homogenizer (internodes). Total
RNA extraction were performed using the protocol described by Logemann (1987) [28],
followed by a DNase treatment in solution and purification on-column using the RNase-Free
DNase Set (Qiagen, Hilden, Germany), according to the manufacturer. RNA integrity and
quantity was assessed by denaturing 1.2% agarose gel electrophoresis, NanoDrop 2000
spectrophotometer (Thermo Scientific, Life Technologies, Waltham, U. S. A.), and 2100
Bioanalyzer system (Agilent Technologies, Palo Alto, U. S. A.). RNA samples used for
RNA-Seq library construction had a RIN (RNA Integrity Number) above 8.0.
mRNA-seq libraries were produced from 10 µg of total RNA using Illumina TruSeq
RNA Sample Preparation Kit v2 (Illumina, San Diego, U. S. A.), following the High Sample
(HS) protocol, according to manufacturer’s instructions. Libraries were prepared with RNA
index adapter sequences for library multiplexing as described in the TruSeq LT Kit Adapter
Tube Pooling (Illumina, San Diego, U. S. A.) guidelines. The libraries were quantified by
quantitative real-time PCR (qPCR) using KAPA Library Quantification kit (KAPA
Biosystems, Wilmington, U. S. A.) performed in StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific, Waltham, U. S. A.) and by Qubit 3.0 Fluorometer (Thermo Fisher
Scientific, Waltham, U. S. A.). We multiplexed the 24 samples from each experimental
replicate and sequenced them in the same lanes of the flow cell. In total, we used 14 lanes
distributed in three flow cells. Clusters were obtained on c-Bot (Illumina, San Diego, U. S. A.)
and paired-end sequencing (2 × 101 pb) was performed on Hi-Seq 2500 (Illumina, San Diego,
U. S. A.) using TruSeq PE Cluster Kit v3 cBot - HS (Illumina, San Diego, U. S. A.) and
TruSeq SBS Kit v3 - HS (200 cycles, Illumina, San Diego, U. S. A.). The high-output
sequencing took 11 days. All the steps from library construction to sequencing were performed
by the Central Laboratory of High Performance Technologies (LaCTAD, Campinas, Brazil).
3.3.7 Transcriptome assembly, annotation, and differential gene expression
We combined the whole set of reads obtained from 72 different mRNA libraries.
Sequences of approximately 100 bp obtained by RNA-Seq was edited with the removal of
adapters and used to assembly the transcriptome using a de novo strategy implemented in the
software Trinity version 2.0.6 [29]. We generate transcripts using a minimum k-mer coverage
of 10 and length > 200 bp. The identification of coding regions within transcripts was
conducted by TransDecoder (transdecoder.github.io) integrated into Trinity software [30]. The
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unique consensus sequences (unigenes) was aligned using BLASTx (e-value cut off <
1×10−5) [31] against TAIR (The Arabidopsis Information Resource), Sorghum bicolor
transcriptome v 3.1 (DOE-JGI, phytozome.jgi.doe.gov), and UniProt Reference Cluster 90
(UniRef90, UniProtKB/Swiss-Prot database, EMBL-EBI).
The alignment of reads against the sugarcane transcriptome and abundance of unigenes
were calculated for each sequenced library separately using RSEM software [32] with default
parameters. The alignments were stored in BAM format [33]. The normalization of read counts
was expressed in FPKM (Fragments Per Kilobase of transcript per Million mapped reads) [34].
The identification of differentially expressed transcripts for each contrast (ethephon versus the
respective mock sample) was performed by DESeq [35], using default parameters.
3.3.8 Functional enrichment analysis and hormone-related data mining
GOMapMan terms were retrieved from transcripts with homology to Arabidopsis
thaliana using Arabidopsis Genome Initiative locus identifier (AGI). Likewise, we performed
a gene ontology (GO) term enrichment analysis in agriGO [36] using the SEA (Singular
Enrichment Analysis) method and Arabidopsis gene model (TAIR9) as background. The
hormone-related gene set was retrieved using hormone databases or related datasets, including
GOMapMan bincodes [37], Chang et al. (2013) [38], Nemhauser et al. (2006) [39], and
Arabidopsis Hormone Database 2.0 [40].
3.4 Results and discussion
3.4.1 Measuring ethylene emission in ethephon-treated canes
Ethylene emission in sugarcane has been reported at the maturation stage using excised
tissues [15, 41]. However, wounding can introduce bias in this type of analysis by eliciting
ethylene production. In this study, ethylene emission measurements were conducted in the
field at a non-destructively manner. We designed hermetically sealed acrylic chambers for leaf
and culm and quantified ethylene production in sugarcane plants (cultivar RB867515) treated
with two ethephon doses (480 and 240 mg L−1) applied at different periods of the growing
season (nine and 12-month-old plants) at one, two and five days after chemical application
(DAA). Ethylene released from tissues was concentrated in the chambers and quantified by
gas chromatography (GC), using a flame ionization detector (FID). Interestingly, basal ethylene
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emission varied between growing seasons and tissues (Fig. 7). Twelve-month-old canes had
a slightly higher basal ethylene level than nine-month-old canes (0.4× and 1× for leaves and
culms, respectively). Whereas, leaves produced on average 78× more ethylene than culms.
Fig. 7. Basal ethylene emission rate in leaves and culms of sugarcane cultivar RB867515 evaluated in
nine and 12-month-old plants at three different time points: one, two and five days (DAA). Each bar
represents the average of three individual plants, while M means the average of the three time points
(nine individual plants), including the standard error of the mean (SEM).
The amount of ethylene gas released from tissues is a precise indicator of its endogenous
production after a stimuli. Thus, ethephon was effective in stimulating ethylene emission in
leaf and culm, although the response magnitude differed (Fig. 8a,b). The ethylene emission was
higher in leaves upon ethephon treatments at one DAA (242× and 54× higher in high and low
ethephon doses compared to culms, respectively), which suggests that ethephon decomposition
occurs mainly in leaves, as previously hypothesized [14]. The maximum ethylene production
rate for leaves and culms occurred at one DAA in nine-month-old canes. The level decreased
thereafter, but remained higher than mock treatment at five DAA, when statistically significant
differences were still detected, which probably indicates a shift in the endogenous ethylene
biosynthesis.
Moreover, changes in hormone perception and sensitivity in leaves may also be
resposible for the difference observed between growing seasons at five DAA. Ethylene
released from leaves at five DAA from nine-month-old canes was 41× and 3× higher than
12-month-old canes treated using high and low ethephon doses, respectively. In culms, a
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difference was observed only at five DAA for high ethephon dose (2×). Although ethylene
emission is proportional to the amount of ethephon applied [42, 43], no huge difference
between ethephon doses was observed in this study when considering the ethylene emission
profile (the average of the three time points evaluated after chemical spraying). With the
exception of leaves of nine-month-old canes, in which high and low ethephon doses had on
average 54× and 16× more ethylene emission than mock treatment, respectively.
The chemical spray targets leaves, more prone to absorb the active ingredient than
culms. Immature and even maturing internodes are usually protected by leaf sheath and when
the leaf sheds the presence of wax and lignified or suberized cells might function as barriers
for exogenous chemical absorption. Therefore, ethephon uptake occurs mainly in leaves. The
pH in the cytosol favours ethephon hydrolysis into ethylene (gas) and phosphoric acid [44],
inducing a transient boom of ethylene just after application (one DAA). Consequently, the
stimulus on endogenous ethylene biosynthesis (especially at nine-month-old) may maintain
high hormone levels. The transport of ethylene signaling molecules, such ACC
(1-aminocyclopropane-1-carboxylic acid) from the leaf to the upper internodes may take place,
with potential limitations in the flow contributing to a lack of difference between ethephon
doses just prior application in the culm. The response might be released later on: differences
were observed at five DAA for nine-month-old canes and at two DAA for 12-month-old canes.
Our results clearly demonstrated that ethylene emission is stimulated in ethephon-treated canes
and that decomposition is stronger in leaves.
3.4.2 Ethephon-induced phenotypic changes in sugarcane
We investigated phenotypic changes elicited by ethephon in sugarcane grown under field
condition at the maturation stage, focusing on the interplay among cultivars and time points.
The experiment was installed in a site where ethephon has been successfully applied to
accelerate ripening and promote yield gains. Two contrasting sugarcane cultivars, RB867515
(mid-late season maturing) [45] and RB966928 (early season maturing) [46], were selected
for their responsiveness to ripeners and relevance in terms of planted area in Brazil. The
experiment had a Randomized Complete Block design (RCB), with six replicates. Ethephon or
mock treatments were sprayed on experimental plots, separately. Each plot was divided in
subplots in which a pooled sample of ten canes (culm with leaves) from different stools was
harvested in intervals of approximately 15 DAA for agronomical traits evaluation.
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Fig. 8. Ethylene emission rate and agronomical traits evaluated in this study. Ethylene emission rate in
(a) leaves and (b) culms of sugarcane cultivar RB867515 sprayed with high or low dose of ethephon (480
mL L−1 or 240 mL L−1, respectively). Response of RB867515 (blue) and RB966928 (red) sugarcane
cultivars to ethephon (solid lines) or mock (dashed lines) treatments evaluated in a time-series (DAA,
days after chemical application): (c) sucrose content in the juice (% Pol), (d) total recoverable sugar (Kg
sugar t−1 cane), (e) total foliar area estimated by the number of green leaves per plant and size of the leaf
+3 (length and width), and (f) upper internode volume estimated by the sum of the cylindrical volumes
of the first top internodes (from +1 to +5). Arrows indicate the chemical spraying time point. Asterisk
indicates at least one statistical difference between means (Duncan test, p-value ≤ 0.05). Coefficient
of variation (CV) for plots and subplots are shown. Error bars represent the standard error of the mean
(SEM), N = 3 (a,b) or 60 (c-f).
The chemicals were sprayed in the ratoon cycle (2013/14 season), which experienced an
atypical low rainfall (68.9% decrease than the plant-cane cycle, 2012/13 season). Fortunately,
the water deficit did not compromise plant growth and development, but anticipated ripening
and, consequently, ethephon had to be applied in advance, with seven-month-old plants. The
average air temperature (16◦C), air relative humidity (79%), and solar radiation (14.9 MJ m−2)
in the day of chemical spraying were ideal for ethephon absorption, including the lack of rain
afterwards. Environmental parameters and the recommended harvest period for cultivars in
southern Brazil can be found at Fig. 9a.
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Fig. 9. Environmental condition and correlation between agronomic traits evaluated in this study. (a)
Monthly cumulative rainfall (mm) and average air relative humidity (%), air temperature (◦C), and solar
radiation (MJ m−2) at the experimental site (Igarac¸u do Tieteˆ, Brazil). The recommended harvest season
for RB867515 (mid-late maturing, blue) and RB966928 (early maturing, red) cultivars are indicated. (b)
Pearson’s correlation between Total Recoverable Sugar (Kg sugar t−1 cane) and sucrose in the juice (%
Pol), reducing sugars in the juice (%/w), juice purity (%), and cane humidity (%).
The efficacy of ethephon spraying was inferred by ripening (cane quality) and
growth-related parameters in comparison to mock treatment. Sucrose content in the culm
increases at the expense of reducing sugars and water content [4]. Total Recoverable Sugar
(ATR, sugar content in the cane discounting the losses during the manufacturing process)
correlates positively with sucrose in the juice (S) and juice purity (Pearson’s r = 0.94) and
negatively with reducing sugars in the juice and cane moisture (Pearson’s r = -0.92) as
expected (Fig. 9b). Besides, the effect of chemical or chemical+cultivar versus time point was
statistically significant for ATR, S, total foliar area and upper internode size (Fig 8c-h).
Inhibition of shoot growth in RB867515 started at 21 DAA, while evident changes on ATR and
S on ethephon-treated canes were observed between 36 and 65 DAA, with an increase of 7.8
Kg sugar t−1 cane and 1% Pol on average when compared to mock. RB966928 growth was
affected later at 36 DAA, with ATR and S significantly increased at 65 DAA (7.3 Kg sugar t−1
cane and 1% Pol). Ethephon treatment was able to elicit expected phenotypical changes in
both cultivars: shoot growth restrain, affecting leaf canopy and immature internodes, followed
by sucrose yield improvement [13, 21].
The onset of RB867515 ripening occurred upon ethephon treatment, although its sucrose
level (ATR or S) did not surpass that of RB966928. Usually mid-late maturing cultivars never
reach the maximum sucrose level of early maturing ones due to their inner physiology [4] and
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this difference seems to be maintained even with chemical induction of ripening. Because
early maturing cultivars promptly respond to climatic chances by altering from a vegetative to
a ripening stage [4], the optimal climatic condition in the experimental site induced the natural
ripening of RB966928, which started the experiment with S above the threshold for millable
cane (approximately 13% Pol) [4]. Therefore, RB966928 responded to ethephon after sucrose
accumulation peaked (at 51 DAA), which resulted in a senescence delay probably through
flowering inhibition and juice purity stability [21]. Interestingly, the sucrose gain between
ethephon and mock, as well as upper internode growth restrain prior to harvest (65 DAA) were
similar between cultivars, independent of how advanced ripening was at the beginning of
experimentation. The relationship between sucrose accumulation and upper internode growth
is also observed in cultivars from different generations obtained by recurrent selection for
sucrose content [47]. Cultivars with faster elongation of upper internodes had a higher sucrose
content probably through a sucrose metabolism shift, favouring sucrose storage rather than
growth [47]. It seems that ethylene may modulate at least some of the physiological processes
that conventional breeding programs had altered to obtain high-sucrose elite cultivars.
3.4.3 De novo assembly and annotation of sugarcane transcriptome
Tissues from leaves or internodes of six individual plants per treatment were processed
simultaneously and used for pooled-mRNA extraction to reduce the influence of uncontrolled
environmental effects. The sequencing of high quality mRNAs (RNA Integrity Number of 9.0
on average) from 72 different samples (two chemicals versus two cultivars versus two tissues
versus three time points versus three repetitions) were performed on the HiSeq 2500 Illumina
platform, yielding 2.77 trillion paired-end reads non-strand specific (2 × 100 bp) with
approximately 87.1% of bases with a Q score ≥ 30 (base call accuracy ≥ 99.9%). All
paired-end reads were used for de novo reconstruction of sugarcane transcriptome using
Trinity [29]. In total, 339,374 transcripts considering all isoforms were generated. Among
those transcripts, 112,615 (33.2% of the whole set) had a predicted ORF (Open Reading
Frame) using TransDecoder [30], representing 55,209 unigenes that were selected for further
analysis. The ORF lengths varied between 297 and 12,624 bp, with an average length of 797
bp (Fig. 10a).
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The assembled transcripts with an identified ORF were annotated using BLASTx
searches (e-value cut-off 1×10−5) against the Uniref90 database (UniProt Reference Clusters).
A total of 101,952 (90.5% of the ORF set) had a hit in the Uniref90 database, with 83.7%
associated with viridiplantae taxon (Fig. 10b). The majority were represented by a monocot
genera (71.0%), highlighting Sorghum spp. (46.3%) that have a high synteny with sugarcane
genome (Fig. 10c) [48]. The differentially expressed gene analysis was conducted among
those potential transcripts belonging to viridiplantae that were assigned to homologues in the
genome of the model species Sorghum bicolor and/or Arabidopsis thaliana (BLASTx, e-value
cut-off 1×10−5) (Fig. 10d). Thus, we restricted our discussion mainly to protein coding genes
conserved between eudicots and monocots. Alias from Arabidopsis genes that are likely to be
conserved in most plant species were used to identify transcripts within our dataset as no
systematic gene identification is available for sugarcane.
Fig. 10. Annotation of sugarcane transcriptome assembly. (a) Distribution of Open Reading Frames
(ORF) length (base pairs, bp) identified among putative transcripts. (b) Taxonomy annotation of putative
transcripts using Uniref90 database (UniProt Reference Clusters). (c) Representation of monocot genera
within putative transcripts using Uniref90 database. (d) Putative transcripts selected for further analyses
belonging to viriplantae taxon with homology to the model species Sorghum bicolor and Arabidopsis
thaliana.
3.4.4 Differential gene expression and functional enrichment analyses
The transcriptome resource generated was used to evaluate the ethephon effect on gene
expression dynamics across time points and tissues in both cultivars. Read counts normalized
by FPKM were used to calculate transcript fold change and adjusted p-value by DESeq [35]
for each contrast evaluated. Each sample was identified by a letter, while contrasts between
samples (always ethephon versus mock-treated sample) are represented by two letters as
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depicted in Fig. 11a. In this study, we considered a transcript as differentially expressed if
log2(fold change) was higher than 2 or lower than -2 with an adjusted p-value up to 0.05
(Fig. 11b, red dots). In total, we detected 4,843 differentially expressed transcripts in all
comparisons analyzed, 1,902 in leaf samples (749 assigned to RB966928 and 1,342 to
RB867515) and 3,348 in internode samples (2,091 assigned to RB966928 and 1,838 to
RB867515). Distribution of log2(fold change) and number of up and downregulated genes in
each comparison are shown in Fig. 11c.
GO (Gene Ontology) MapMan categories [37]: hormone metabolism, stress, RNA,
signaling, and transport represented a significant portion of transcripts within leaves and
internodes (28.3% and 26.3%, respectively). This result is in agreement with our previous
report on gene expression changes in sugarcane modulated by ethephon spraying under a
greenhouse condition [14]. The percentage of most categories was similar between leaf and
internode samples, with the exception of stress category that is highly represented among leaf
samples (approximately 4% more genes than internode samples), and hormone metabolism,
cell wall, and development categories that encompassed a higher percentage of genes within
internode samples (approximately 5% more genes than leaf samples) (Fig. 12a).
Additionally, we performed a functional enrichment analysis among GO terms related to
biological process in AgriGO [36] using Arabidopsis genome as reference. Overrepresented
GO terms that appear in most samples were summarized in Fig. 12b. We found 123 unique GO
terms within leaf samples and 280 within internode samples. A reduced number of enriched
GO terms was found in AD comparison (RB867515 at one DAA) in leaves and OR and UZ
comparisons (RB867515 and RB966928 at five DAA) in internodes. Thus, no common
enriched categories were found between AD or UZ and other comparisons. GO terms related
to chemical stimulus (GO:0042221 and GO:0050896), response to stress (GO:0006950,
GO:0006952, GO:0006979, GO:0009628, GO:0009679 and GO:0019748) and hormone or
ethylene (GO: 0009723, GO:0009725, GO:0009755 and GO:0009873) were found enriched in
both leaf and internode samples. Moreover, other specific hormone-related categories were
found enriched in internode samples, including abscisic acid (ABA) response (GO:0009737),
jasmonic acid (JA) biosynthesis and metabolism (GO:0009694 and GO:0009695), and auxin
(herein named after the main naturally occurring auxin: indole-3-acetic acid [IAA]) transport
(GO:0009926 and GO:0060918). Categories related to sugar response (GO:0009743,
GO:0009744 and GO:0009746), senescence (GO:0010149), and development (GO:0032502
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and GO:0048589) were also found enriched within internode samples. Therefore, ethephon
potentially affects more biological processes within internodes, especially hormone
metabolism and ripening-related processes.
Fig. 11. Differentially expressed transcripts induced by ethephon treatment in two sugarcane cultivars,
RB867515 and RB966928, at one, two, and five days after chemical application (DAA). (a) Contrasts
between samples are identified by letters. (b) Volcano plots: red dots are transcripts classified
as differentially expressed in each comparison based on filtering parameters. (c) Distribution of
differentially expressed transcripts identified in this study. Top charts have violin plots (combination
of a density plot wih a box-plot) and bottom charts show the number of up and downregulated genes in
each comparison.
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Fig. 12. Functional analysis of transcripts identified as differentially expressed in leaves and internodes
of sugarcane plants sprayed with ethephon. (a) GO (Gene Ontology) MapMan categories (%) among leaf
and internode samples (average among time points). (b) Summary of significantly enriched GO terms
(biological process) that appeared in most comparisons.
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3.4.5 Ethephon response validation by marker genes
The capacity of ethephon, through ethylene releasing, in affecting multiple hormone
pathways was described previously in sugarcane [14] and other species [38, 39, 49]. Using
hormone response databases or related datasets (e.i., GOMapMan bincodes [37], Chang et al.
(2013) [38], and Nemhauser et al. (2006) [39], Arabidopsis Hormone Database 2.0 [40]), we
isolated 237 differentially expressed putative transcripts that might participate in hormone
biosynthesis, perception, signaling and/or response in leaf samples (12.5% of the whole set)
and 506 in internode samples (15.1% of the whole set). Genes in the ethylene pathway
represented 46% of the whole hormone-related gene set. We selected ethylene, IAA,
gibberellin (GA), ABA, and brassinosteroid (BR) pathways (Fig. 17-13) for further discussion.
It is worth mentioning that approximately 70% of known sugarcane transcripts encode
conserved proteins with similar functions in angiosperms, including most of the key
components of hormone pathways [50, 51]. Thus, throughout our discussion, we will elaborate
hypotheses on the role of different hormone pathways during sugarcane ripening based on
Arabidopsis studies.
We identified nine out of 12 ethephon marker genes described previously [14] that were
upregulated in both cultivars in this study. The ethephon marker genes participate in (i)
ethylene pathway: ACO5 (ACC OXIDASE5), ETR2 (ETHYLENE RECEPTOR2), EIN4
(ETHYLENE INSENSITIVE4) and SCERF2, a putative ETHYLENE RESPONSE FACTOR
(ERF) without homology to Arabidopsis (Fig. 13); (ii) IAA pathway: GH3-1
(INDOLE-3-ACETIC ACID-AMIDO SYNTHETASE1), ARF6 (AUXIN RESPONSE
FACTOR6) and CHS (CHALCONE SYNTHASE) (Fig. 14); and (iii) GA pathway: GA2OX1
(GIBBERELLIN 2-BETA-DIOXYGENASE1) and KAO2 (ENT-KAURENOIC ACID
OXIDASE2) (Fig. 15). Most markers were exclusively expressed in internodes, with the
exception of ETR2, GA2OX1, and KAO2 that appeared upregulated in leaves as well, while
GH3-1 was only expressed in leaves. Interestingly, SCERF2 seems to be a broad ethephon
marker gene activated under different plant age and growth conditions, such as in vitro
culture [18], greenhouse [14] or field condition (this work). The presence of those marker
genes in this study not only ensures that expected changes at the molecular level was elicited
by ethephon spraying under field condition, but also reiterate those genes as markers.
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Fig. 13. Differentially expressed transcripts identified participating or modulated by the hormone
ethylene in leaves and/or internodes of plants sprayed with ethephon at one, two and five days after
chamical application (squares arranged in this order) for RB867515 and RB966928 sugarcane cultivars.
Ethephon marker genes identified by Cunha et al. (2017) [14] are indicated by bold letters. EIN3-target
genes identified by Chang et al. (2013) [38] are also indicated by symbols.
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Fig. 14. Differentially expressed transcripts identified participating or modulated by the hormone auxin
in leaves and/or internodes of plants sprayed with ethephon at one, two and five days after chamical
application (squares arranged in this order) for RB867515 and RB966928 sugarcane cultivars. Ethephon
marker genes identified by Cunha et al. (2017) [14] are indicated by bold letters. EIN3-target genes
identified by Chang et al. (2013) [38] are also indicated by a symbol.
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Fig. 15. Differentially expressed transcripts identified participating or modulated by the hormone
gibberellin in leaves and/or internodes of plants sprayed with ethephon at one, two and five days after
chamical application (squares arranged in this order) for RB867515 and RB966928 sugarcane cultivars.
Ethephon marker genes identified by Cunha et al. (2017) [14] are indicated by bold letters. EIN3-target
genes identified by Chang et al. (2013) [38] are also indicated by a symbol.
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Fig. 16. Differentially expressed transcripts identified participating or modulated by the hormone
abscisic acid (ABA) pathway in leaves and/or internodes of plants sprayed with ethephon at one, two
and five days after chamical application (squares arranged in this order) for RB867515 and RB966928
sugarcane cultivars. EIN3-target genes identified by Chang et al. (2013) [38] are highlighted.
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Fig. 17. Differentially expressed transcripts identified participating or modulated by the hormone
brassinosteroid (BR) pathway in leaves and/or internodes of plants sprayed with ethephon at one, two
and five days after chamical application (squares arranged in this order) for RB867515 and RB966928
sugarcane cultivars.
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3.4.6 Ethylene pathway is strongly induced in internodes
The level of ethylene, a gaseous hormone that freely diffuses across cells, is merely
regulated at the biosynthetic pathway. The key steps in ethylene production is catalyzed by
ACC synthase (ACS, converts S-adenosyl-L-methionine to ACC) and ACC oxidase (ACO,
converts ACC to ethylene). ACS and ACO are rate-limiting enzymes subjected to strong
feedback regulation, transcriptionally and post-transcriptionally [52, 53]. During vegetative
growth, ethylene is maintained at basal levels through synthesis autoinhibition (negative
feedback) [52]. At the onset of ripening or during senescence, ethylene stimulates its own
production by inducing ACS and/or ACO (positive feedback) [52]. Usually, ACO is first
stimulated, resulting in ethylene production that induces ACS and, consequently, increases
ACC content [53, 54]. This fact might explain the strong induction of ACO5, rather than ACS6,
in internodes of both cultivars. ACO5 and ACS6 upregulation indicates that ethylene
biosynthesis is activated in internodal tissues. The strong repression of ACO4 and ACS1 in
internodes might contribute to a further regulation of the pathway in the advanced ripening of
RB966928. Interestingly, Papini-Terzi et al. (2009) [8] identified ACO transcripts upregulated
in mature internodes of high sucrose-storing genotypes when compared to low sucrose-storing
ones. Additionally, the exogenous application of glucose or sucrose to sugarcane plantlets also
promoted ACO transcription, correlating ethylene and sugar signaling [8].
The primary response of exogenous application of ethylene in plants is a rapidly
induction of ethylene receptor genes [55], shown in many transcriptome studies in
sugarcane [14] and other species [38, 39, 49, 56, 57]. Likewise, transcripts with homology to
ETR1, ETR2, and EIN4 were upregulated at one and two DAA in internodes of both cultivars.
Ethylene receptors are functionally conserved between maize and Arabidopsis [58], which
might be extended to other monocots, like sugarcane. Although ETR1-like (subfamily 1) are
usually absent in monocots [59], the detection of RTE1 homologues in our data, an enhancer of
ETR1 response in Arabidopsis [60] contributes to a potential ETR1-like gene being encoded in
sugarcane genome. RTE1 is also induced by ethylene with a role in ETR1 folding assistance or
stabilization [60]. It is worthy mentioning that ETR1-RTE1 may also participate in a CTR1
(CONSTITUTIVE TRIPLE RESPONSE1)-independent pathway, which contributes to the
complexity of ethylene response [61].
Ethylene receptors are arranged mainly in homodimers, but heteromeric associations
also occur, contributing to their myriad of functions: sometimes overlapping, sometimes
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unique [59, 61]. In monocots, receptors subfamily 1 (more specifically ERS1-like) and
subfamily 2 (e.i., ETR2 and EIN4) seem to work in concert, starting with the
autophosphorylation of the functional histidine (His) kinase domain of subfamily 1 receptors
being responsible for the phosphate transfer to subfamily 2 receiver domain (serine/threonine
kinase) that, in turn, through a phosphorylation-dependent or independent pathway activates
CTR1, a negative regulator of ethylene pathway [55, 61]. The transcriptional induction of
receptors presumably increases the production of receptor-CTR1 complexes, which has a dual
role: (i) protect ETR1 from ethylene-induced turnover (especially under high ethylene
concentrations) as degradation is the best way for controlling the response magnitude or (ii)
desensitize the plant after an ethylene stimulus by blocking EIN2 (ETHYLENE
INSENSITIVE2) response (so-called recovery or adaptation response) or re-setting the plant to
further respond to higher ethylene concentrations [55]. When ethylene binds to receptors, a
conformational change occurs, leading to inactivation of CTR1 and, consequently,
dephosphorylation and C-terminus cleavage of EIN2. The migration of EIN2 to the nucleus
starts the ethylene signaling by EIN3 (ETHYLENE INSENSITIVE3)/EIL1 (ETHYLENE
INSENSITIVE3-LIKE1) activation [61]. Another mechanism to fine-tune ethylene response
relies on the degradation via ubiquitin/proteasome pathway of EIN3/EIL1 through
EIN3-BINDING F-BOX1 (EBF1) and EIN3-BINDING F-BOX2 (EBF2) [62,63]. We detected
an EBF1 homologue induced in internodes, which may avoid a rampant ethylene response.
Downstream targets of EIN3/EIL1 belong to APETALA2 (AP2)/ERF transcription
factor superfamily, especially implicated in stress tolerance [64], ripening [65], growth [66],
and hormone crosstalk [67] with agronomical interest for crop improvement. At least 14
ERF-related transcription factors were differentially modulated by ethephon. The majority of
ERF genes were induced in internodes of both cultivars, including ERF1A, ERF1B, ERF3,
ERF14, ERF96, ERF105, ERF113, RAV2 (RELATED TO ABI3/VP1 2), and SCERF2. ERF15
and ERF73 were induced in both leaves and internodes. But, only ERF94 was modulated
exclusively in leaves. On the contrary, RAP2-7 and RAP2-12 expression in internodes differ
between cultivars, being induced in RB867515 and repressed in RB966928. The results
presented here confirms the internode as the site of ethylene action, where most genes in the
ethylene pathway are activated upon ethephon spraying, as previously observed [14].
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3.4.7 Transition to ripening: ABA pathway activation
ABA has been best known for its role in drought response and growth inhibition [68].
The induction of ABA signaling by cellular dehydration modulates water homeostasis, as well
as osmotic adjustments through osmoprotectants synthesis, leading to an abiotic stress tolerant
phenotype [68]. Sugars (e.g., sucrose, glucose, and fructose) are examples of organic
osmolytes synthesized by plants to offset stressful condition [69], also functioning as energy
source and signaling molecules [70]. Cellular sugar status depends on the crosstalk of sugar
(or sugar precursors) and hormone signaling pathways that controls developmental phase
transition (juvenile-to-adult and vegetative-to-reproductive) [70]. Apart from GA, ethylene and
ABA seem to play major roles in vegetative-to-reproductive phase transition (encompassing
ripening, flowering and senescence) [70] due to their interplay with sugar signaling supported
by sugar insensitive Arabidopsis mutants (e.i., eto1, ctr1, ein2, gin1/aba2, abi4) that are
affected in ethylene or ABA action [71, 72]. Moreover, together with ethylene, ABA has been
identified as a ripening factor, necessary for normal fruit development and activation of many
ripening-related processes [73], but also participating in cane maturation [8, 14].
Transcripts with homology to genes involved in ABA biosynthesis, catabolism, and
transport were found upregulated in this study (Fig. 9). Two homologues of NCED
(9-CIS-EPOXYCAROTENOID DIOXYGENASE, NCED3 and NCED4), a key rate-limiting
enzyme in the ABA biosynthetic pathway [51], were induced upon ethephon spraying after
one and two DAA in internodes of both cultivars. NCED participates in the last reaction
performed in the plastids: the conversion of β-carotene into xanthoxin that enters the cytosol
for further oxidation reactions to produce ABA [74]. Among the two homologues, NCED3 is
more likely to be involved in ABA biosynthesis in Arabidopsis, with a stress-induced
expression [75]. Interestingly, the strong upregulation of WRKY33 transcription factor
homologue, a inhibitor of NCED3 expression, might repress ABA biosynthesis and potentially
modulate its response in a negative feedback inhibition [76].
Additionally, upregulation of DXS (1-DEOXY-D-XYLULOSE 5-PHOSPHATE
SYNTHASE) homologue that encode a key-rate limiting enzyme in the MEP (methylerythritol
phosphate) pathway, functioning upstream of ABA pathway, also increases ABA
biosynthesis [74]. ABA levels are balanced not only by biosynthesis, but also by catabolism
and transport [75]. ABA catabolism by hydroxylation mediated by CYP707A3
(CYTOCHROME P450 707A FAMILY PROTEIN3) and a potential ABA transporter
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ABCC5/MRP5 (ATP-BINDING CASSETTE TRANSPORTER C FAMILY MEMBER5) [77]
were induced in both cultivars. Although the ethylene stimulus on ABA biosynthetic pathway
in internodes, a positive feedback in the ABA pathway may amplify the response, with
catabolism and transport being activated for further regulation [51].
ABA receptors and signaling components were also differentially expressed among our
data (Fig. 16). Different nucleocytoplasmic ABA receptor homologues showed opposite
expression patterns between cultivars: PYL4 (PYRABACTIN RESISTANCE-LIKE4) was
induced at one and two DAA in RB867515, while PYL8 (PYRABACTIN
RESISTANCE-LIKE8) showed a strong repression at one DAA in RB966928. Other ABA
downstream signaling components, such PP2CAs (GROUP A TYPE 2C PROTEIN
PHOSPHATASES) and SnRK2s (SNF1-RELATED PROTEIN KINASES), negative and
positive regulators of ABA signaling, respectively, were also identified among our data.
PP2CA and HAB2 homologues (both PP2CAs) were strongly repressed in both cultivars,
whereas SNRK2s homologues (SNRK2.3 was exclusively assigned to RB966928, while
SNRK2.4 was differentially expressed in both cultivars) seems to be induced at two DAA,
undergoing a strong repression earlier (one DAA) or later on (five DAA). Particularly,
SNRK2.3 is a major regulator of ABA response, whose transcription might be regulated by
EIN3 [38, 51]. When ABA binds to PYL receptors structural changes disrupt PP2C-SnRK2
interaction, releasing SnRK2 that transmits downstream signals by autophosphorylation,
activating ABA-responsive genes, such as AREB/ABF/ABI5 (ABA-RESPONSIVE
PROMOTER ELEMENTS BINDING FACTORS) transcription factors [51]. CHLH/ABAR
(H SUBUNIT OF MG-CHELATASE), a potential chloroplastic receptor or ABA signaling
component (via plastid-to-nucleus retrograde signaling) [78], was repressed at all time points
in RB867515, but showed a strong induction at two DAA in RB966928.
Expression of downstream targets of ABA signaling pathway differs between cultivars.
ABH1 (ABA HYPERSENSITIVE1) and HVA22E (HVA22-LIKE PROTEIN E) were induced
at one and/or two DAA in RB867515. ABH1 is an early ABA signal transduction
regulator [79], while HVA22E is induced by ABA [80] and identified as a drought stress
marker gene in sugarcane [20]. Whereas, other ABA-induced stress-related genes, such as
LEAs (LATE EMBRYOGENESIS ABUNDANT PROTEIN) and AFP3 (ABSCISIC ACID
INSENSITIVE 5-BINDING PROTEIN3) induced by drought [81, 82] and LOS1 (LOW
EXPRESSION OF OSMOTICALLY RESPONSIVE GENE1) induced by cold [83], were
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mainly downregulated in RB966928. Only VAL1 (VIVIPAROUS1/ABSCISIC ACID
INSENSITIVE 3-LIKE1, also known as HIGH-LEVEL EXPRESSION OF
SUGAR-INDUCIBLE GENE2), a potential repressor of drought response [84], was induced at
one DAA in both cultivars. The stimulus on stress-related genes by a potential increase in
ABA level may not be the major ABA-driven response during sugarcane ripening.
On the contrary, a strong induction of ABA-regulated sugar response genes seems to be a
trend upon ethephon spraying in internodes of both cultivars (Fig. 16). Among those genes,
MUR4 (MURUS4, also known as HIGH SUGAR RESPONSE8) and UGE5
(UDP-D-GLUCOSE/UDP-D-GALACTOSE 4-EPIMERASE5) connect cell wall changes and
sugar signaling in Arabidopsis [85, 86]. MUR4 encodes a UDP-D-xylose-4-epimerase that
catalyzes the first step of cell wall arabinose biosynthesis [85]. Although UGE5 produces
UDP-galactose, a precursor of carbohydrates, glycolipids, and glycosides with a role in cell
wall biosynthesis, it might also function as an osmoprotectant during drought stress [86, 87].
Additionally, co-expression of different UGE with other cell wall biosynthetic enzymes and
trehalose-6-phosphate synthase genes is coherent [87]. We found TSP6 and TPS10
(TREHALOSE-6-PHOSPHATE SYNTHASE 6 and 10, respectively) induced in our data. TPS
catalyzes the synthesis of T6P (trehalose-6-phosphate), precursor of trehalose, from
glucose-6-phosphate and UDP-glucose [88]. The only exception is UGT72E1
(UDP-GLUCOSYL TRANSFERASE 72E1) that was downregulated at one DAA in both
cultivars. UGT72E1 interacts with SIS8, a putative MAPKKK (MITOGEN-ACTIVATED
PROTEIN KINASE KINASE KINASE), in the nucleus that modulates sugar response [89].
We propose here a hypothesis based on Tsai & Gazzarrini (2014) [88] in which ABA
level rises through activation of ABA biosynthetic genes, stimulating the
vegetative-to-ripening transition, which leads to sugar storing within internodes [80]. Culm
maturation might be under the control of SnRK1- and SnRK2-dependent pathways, similarly
as report in seeds. When sugar level increases (on-going ripening), T6P (energy sensor)
accumulates, restraining ABA signaling by SnRK1 inhibition, which fine-tunes the magnitude
and duration of the response [88]. Therefore, the balance between a transient SnRK1/SnRK2
expression accompanied by a potential T6P accumulation may result in sugar-dependent
growth regulation (especially of internode cell wall) accompanied by a hasten sucrose
accumulation maintained by the modulation on sugar and ABA sensitivities.
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3.4.8 Brassinosteroid: a regulator of internode growth?
Transcripts with homology to genes in the brassinosteroid (BR) biosynthetic pathway
were upregulated upon ethephon spraying in internodes of both cultivars, including DWF4
(DWARF4) and CPD (CONSTITUTIVE PHOTOMORPHOGENIC DWARF). DWF4 was
also induced in leaves of both cultivars. In plants, the mevalonate pathway (production of
isoprenoids [90]) converts squalene-2,3-epoxide to cycloartenol, a precursor of the biological
active castasterone and brassinolide, penult and last products of the BR biosynthetic pathway,
respectively [91]. DWF4 catalyzes C-22 hydroxylation of campestanol to produce
6-deoxocathasterone and of 6-oxocampestanol to cathasterone in the late and the early C-6
oxidation pathways, respectively [92]. Those C-6 oxidation pathways function in parallel
between campesterol and brassinolide [91, 92]. Since DWF4 is a rate-limiting enzyme in the
BR pathway, the abundance of DWF4 positively correlates with endogenous bioactive BR
level, which is usually high in active growing tissues (e.i., shoot apices, inflorescences,
etc.) [93]. CPD participates in the immediate next step of DWF4, catalyzing C-3 oxidation of
6-deoxocathasterone to produce 6-deoxoteasterone and of cathasterone to teasterone also in
the late and the early C-6 pathways, respectively [92]. Additionally, DOGT1
(DON-GLUCOSYLTRANSFERASE1) was highly induced upon ethephon-treated internodes
in both cultivars at one and two DAA. DOGT1 catalyzes 23-O-glycosylation of castasterone,
brassinolide, and BRs, controlling BR homeostasis via BR inactivation [94]. It is possible that
the balance between biosynthesis and degradation fine-tunes BR response upon ethephon
treatment.
BR signaling pathway includes plasma membrane receptors (e.g., BRI1
[BRASSINOSTEROID INSENSITIVE1] and BAK1 [BRI1-ASSOCIATED RECEPTOR
KINASE1]) that perceive and initiate BR signal transduction by the activation of the nuclear
transcription factors: BZR1 (BRASSINAZOLE RESISTANT1) and BZR2/BES1
(BRASSINAZOLE RESISTANT2/BRI1 EMS SUPPRESSOR1) [95]. BIN2
(BRASSINOSTEROID INSENSITIVE 2) is a negative regulator of BR signaling that
phosphorylates BZR1 and BZR2/BES1, targeting them for degradation [95]. On the contrary,
BSL1 (BRI1 SUPPRESSOR1 [BSU1]-LIKE1) is a positive regulator of BR signaling that
dephosphorylates and stabilizes BZR1 and BZR2/BES1, allowing BR responsive genes to be
transcribed [98]. BES1 interact with BIM1 (BES1-INTERACTING MYC-LIKE1) and BIM2
(BES1-INTERACTING MYC-LIKE2) in the nucleus to synergistically activate BR-responsive
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genes [99]. In our data, a BIN2 homologue was downregulated, while BSL1, BIM1 and BIM2
were upregulated, further reinforcing that BR response is activated upon ethephon stimulus in
both cultivars.
BIMs participate in hypocotyl elongation and the so-called shade avoidance syndrome,
connecting BR and other stimuli (endogenous and exogenous signals) [100]. Other transcripts
with homology to genes involved in BR-promoted growth, such as BRX (BREVIS RADIX),
EXO (EXORDIUM) and HERK2 (HERCULES2), were induced upon ethephon spraying in
both cultivars at least in one and two DAA. The effect of BRX on shoot growth in Arabidopsis
is associated with or depends on hormone crosstalk [101]: targeting EIN3, interfering with BR
biosynthesis through CPD, and requiring IAA for nuclear activity [38, 101]. Likewise, EXO, a
BR marker gene induced by exogenous BR application, is located attached to the cell wall in
the apoplast, functioning in cell wall metabolism and biomass accumulation [102]. HERK2
(receptor-like kinase) is also regulated by BR through BES1 and affects stem elongation [103].
A PSKR1 (PHYTOSULFOKINE [PSK] RECEPTOR1) homologue was upregulated upon
ethephon stimulus in addition to be an EIN3 target [38]. This receptor, responsible for the
perception of PSK (a peptide hormone, known as a growth factor), has some similarity with
BRI1, while PSK response might be mediated by BR [104].
IMK2 (INFLORESCENCE MERISTEM RECEPTOR-LIKE KINASE2) was repressed
at all time points evaluated in both cultivars’ internode, but its function is unknown. The gene
seems to be located in cell wall and we hypothesized some involvement in fertility, flowering
and senescence based on BR insensitive mutants [95]. Finally, BRH1 (BRASSINOSTEROID-
RESPONSIVE RING-H2 1) homologue was one of the strongest upregulated transcripts related
to BR. In Arabidopsis BRH1 accumulated rapidly and transiently upon biotic stress stimulus in
a BR-dependent manner, probably participating in a late BR response [105]. The identification
of potential genes that promote growth and are somehow linked to cell wall and impinged by
BR, such as BIMs, BRX, EXO and PSKR1, raises many questions: (i) what is the role of BR
in sugarcane ripening as growth arrest is a feature of naturally ripen cane? Why ethephon
stimulates the transcription of BR-related genes when growth inhibition is intensified? One
possibility is that the acceleration in the production of size-restricted phytomers in the immature
portion of the culm upon ethephon spraying may require BR action to modify cell wall integrity.
Internode growth and development must be completed before sucrose accumulation, while cell
wall lignification and suberization is part of the process to barricade sucrose movement and
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guarantee storage [96].
3.4.9 Auxin might affect the apical dominance
CYP79B2, a potential player in the tryptophan-dependent pathway of IAA biosynthesis,
was upregulated by ethephon in both cultivars. CYP79B2 is one of the enzymes that converts
tryptophan to indole-3-acetaldoxime (IAOx), a key step in IAA production [97]. IAOx is also a
precursor of indole glucosinolate, a secondary metabolite involved in plant defense [97].
However, the overexpression of CYP79B2 may implicate in higher levels of IAA and
glucosinolates in Arabidopsis [97]. Whereas, the repression of CYP83B1 homologue in
RB966928, acting downstream of CYP79B2 (converting IAOx to 1-aci-nitro-2-indolyl-ethane)
in the glucosinolate biosynthetic pathway, is a potential regulator of IAA biosynthesis [97].
We also found IAA transporters genes being differentially expressed: IAA influx (i.e.,
AUX1, AUXIN1; and LAX3, LIKE-AUX1) were repressed, while an IAA efflux (i.e., PIN4,
PIN-FORMED4) was induced upon ethephon treatment in both cultivars. The differential
regulation of IAA transporters account for auxin asymetries that drive auxin-related
developmental processes [106]. Conjugation of IAA with amino acids mediated by GH3
(INDOLE-3-ACETIC ACID-AMIDO SYNTHETASE) is another mechanism to control
hormone response through inactivation [106]. Therefore, induction of GH3.1 in leaves may
result in low IAA pools upon ethephon treatment. In our last report, GH3 was not only induced
in leaves and internodes, but also one of the ethephon marker genes [14]. In this study, GH3s
were not differentially expressed in sugarcane internodes, probably a consequence of
differences in the physiological age of internodes. However, PINs and GH3s function in IAA
homeostasis, rapidly restraining its response by reducing IAA pools [107].
The IAA response is regulated by two families of transcription factors: ARFs (AUXIN
RESPONSE FACTORS) and AUX/IAA (AUXIN/INDOLE ACETIC ACID). ARFs are
positive or negative regulators of IAA signaling, while AUX/IAA are strictly negative
regulators. In low IAA condition, AUX/IAA interacts with ARF activators to block the
transcription of IAA-responsive genes. Conversely, high IAA level activated AUX/IAA
degradation, releasing ARF to activate downstream targets [108]. We identified members of
ARF family, including ARF6 and ARF19 homologues (activators in Arabidopsis [108]) and
ARF2 and ARF17 homologues (repressors in Arabidopsis [108]), as well as a member of
AUX/IAA family, IAA26 homologue, differentially expressed upon ethephon stimulus. Only
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ARF2 was repressed in ethephon-treated internodes of RB966928, the remaining genes were
positively regulated by ethephon in internodes of both cultivars. Interestingly, ARF19 is the
most sensitive to IAA among all ARFs, but can be regulated by ethylene as well in
Arabidopsis [109, 110]. SAURs (SMALL AUXIN UP RNA) are also regulated by auxin, but
the function of these genes are unknown, although some of them may participate in shoot
elongation [109]. SAUR62 and SAUR64 were repressed in internodes, as opposite to SAUR-like
that was strongly induced in both cultivars, especially in RB867515.
Ethylene induces the flavonoid biosynthetic pathway mediated by ETR1 and EIN2 in
Arabidopsis [111]. Flavonoids – implicated in pigmentation, defense response, abiotic stress
tolerance, and male fertility [112] – inhibits IAA efflux carriers, regulating their expression at
the steady-state mRNA level [113]. CHS is the first enzyme of the flavonoid pathway,
converting malonyl CoA and 4-coumaroyl CoA in chalcone [112]. In this study, a CHS
(CHALCONE SYNTHASE) homologue was strongly induced upon ethephon stimulus at one
DAA in both cultivars. CHS has been previously identified as an ethephon marker gene in
sugarcane [14], as well as differentially expressed in other ethylene-based transcriptome
analysis [114, 115]. The strong repression of MAX1 (MORE AXILLARY BRANCHES1), a
positive regulator of flavonoid pathway and repressor of bud ourgrowth, observed in
RB966928 may deplete the flavonoid level, affecting IAA transporters and, consequently,
apical dominance [116]. Interestingly, DRM1/ARP (DORMANCY ASSOCIATED
GENE1/AUXIN REPRESSED PROTEIN) homologues, repressed at one DAA in both
cultivars, is a marker of bud dormancy [117]. The effect of ethylene in apical dominance in
sugarcane, leading to vegetative axillary bud outgrowth is evident [13, 14]. Thus, CHS, MAX1,
and DRM1/ARP may play a role in this process in sugarcane similarly as described for
Arabidopsis.
3.4.10 Growth modulation by gibberellin
The last three steps in the GA biosynthesis is catalyzed by KAO (ent-kaurenoic acid
oxidase) that converts ent-kaurenoic acid to GA12, precursor of bioactive GAs (e.g., GA4 and
GA7) [118]. Here, we identified homologues of two KAO genes, KAO1 and KAO2. GA
biosynthesis is affected by changes in KAO activity only if both genes are impaired [119].
They function redundantly, mutually compensating each other [119]. Therefore, the repression
in KAO1 and induction in KAO2 observed in ethephon-treated internodes in both cultivars
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might not result in changes in GA levels. However, a potential reduction in bioactive GA level
may occur in response to the strong induction in GA2OX1 responsible for GA
deactivation [118]. Low GA level results in DELLA stabilization, which mediates plant
growth restrain: affecting cell division and expansion in shoot and root, as well as floral
induction [120]. The DELLA effects is a consequence of hormonal crosstalk (especially with
IAA and BR, involved in cell wall modulation) and environmental factors (light and
temperature) [120].
PIFs (PHYTOCHROME-INTERACTING FACTORS) are light/temperature regulated
transcription factors that modulate IAA and cell wall-related genes [120]. At least two PIF
homologues (PIF1 and PIF3) were differentially expressed in this study. In internodes, PIF3
was repressed at one DAA and induced at two or five DAA depending on the cultivar. On the
contrary, PIF1 was induced at one or two DAA and repressed at five DAA. In young
Arabidopsis seedlings, photo-oxidative damage and greening (chlorophyl synthesis) is
coordinated by EIN3/EIL1 and PIF1 [121]. It is worth mentioning that, downstream GA
signaling targets, such as members of GASA (GIBBERELLIC ACID-STIMULATED
ARABIDOPSIS) family (GASA8 and GASA13 homologues) seem to be repressed by ethephon
in internodes. Their function is not completely understood, but they might participate in
different processes (e.g., stem growth, fruit ripening, stress tolerance) through modulation of
DELLA transcription, as well as other hormone biosynthetic genes [122].
3.4.11 Concluding remarks
We evaluated the response of two contrasting sugarcane cultivars (RB867515 and
RB966928) grown under field condition to ethephon spraying at the maturation stage.
Although, ethephon stimulated the ethylene release in leaves and culms, chemical
decomposition occurs mainly in leaves, where absorption seems to be intensified. Besides the
shorter elongated internodes, ethephon-treated canes had a higher sucrose yield in a biomass
basis compared to mock treatment at harvest (with an increase of approximately 7.6 Kg sugar
t−1 cane and 1% Pol) (Fig. 18). Younger fully expanded leaf and the internode it is attached to
were used for RNA-Seq analysis, generating 72 mRNA libraries. The experimental design
mimicks traditional practices in commercial mills, fostering a realistic picture of the action of
ethylene at the molecular level. Marker genes identified previously validated the ethephon
response. Changes in the endogenous level of ethylene elicited a hormonal response, inferred
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by the number of differentially expressed hormone-related genes, as well as enriched GO
terms.
Here, we proposed a simplified model to summarize our findings on ethylene interplay
with other hormones (Fig. 18). The activation of ABA pathway function as a ripening signal,
modulating the sugar response through SnRK and T6P. The strong induction of BR pathway,
with downstream components tightly connected to cell wall growth and integrity might have
contributed to hasten the internode development (primary cell wall) or even secondary cell wall
formation after elongation ceased [123], which guarantees that sucrose storing starts earlier
than non-treated canes. GA and IAA deactivation also have a role in internode elongation,
while IAA transport might affect apical dominance. Finally, the data generated in this study
represents a valuable resource for deeper investigations on sucrose accumulation, internode
elongation, and even stress tolerance, especially concerning hormonal regulation that rule all
biological processes throughout the plant life cycle.
Fig. 18. Summarized model of ethylene interplay with other hormones and the phenotypic outcome
upon ethephon spraying in sugarcane plants at the onset of ripening. The ethephon decomposition
releases ethylene, activating its pathway (biosynthesis, perception, signal transduction). Ethylene induces
abscisic acid (ABA), brassinosteroid (BR), and jasmonic acid (JA) pathways and represses gibberellin
(GA). Together with ethylene, ABA function as a ripening signal, coordinating sucrose accumulation in
upper internodes. BR, JA, auxin (IAA), and GA might control internode elongation. Particularly, IAA
transportation may affect bud outgrowth. The relationship between components include induction (arrow
heads), repression (blocked arrows), or complex (circle arrows).
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